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Chapter 1 

General: The goal of these problems are to reinforce the definitions and provide an 

understanding of the mole balances of the different types of reactors. It lays the 

foundation for step 1 of the algorithm in Chapter 4. 

1*1*1' This problem might encourage students to get in the habit of writing down 
what they learned from each chapter. 

Pl*2. Small open-ended question from which one could choose one or two parts. 
Parts (a), (b) or (e) are recommended. 

Pl-3. This problem use Example 1-3 to calculate a CSTR volume. It is straight 
forward and gives the student an idea of things to come in terms of sizing 
reactors in chapter 4. An alternative to Pl-11 and Pl-12. 

Pl-4. Alternative to Pl-3, Pl-11, and Pl-12. See Pl-3 above. 

Problems Pl-5, Pl-6, and Pl-7 review the definitions given in the chapter. 

Pl-8. This problem can be assigned to just be read and not necessarily to be 
worked. It will give students a flavor of the top selling chemicals and top 
chemical companies. 

Pl-9. This problem will be useful when the table is completed and the students 
can refer back to it in later chapters. Answers to this problem can be found 

on Professor Susan Montgomery's equipment module on the CD-ROM. See 
Pl-17. 

Pl-10. Many students like this straight forward problem because they see how CRE 
principles can be applied to an everyday example. It is often assigned as an 
in class problem and part (g) is usually omitted. 

roblems Pl-11 and Pl-12 show a bit of things to come in terms of reactor sizing. 
Can be rotated from year to year with Pl-3 and Pl-4. See Pl-3 above. 

Pl*13. Asks for details of operation of an industrial reactor. 

Pl-14. Encourages and requires the student to go outside the text for information 
related to CRE. May be a bit early in the text to assign this problem. 

Pl-15. Encourages and requires using other sources to obtain information. 

Pl-16. Encourages using other sources to obtain information. 

Pl ‘ 17 ‘ 1 str ongly recommend this problem be assigned. It can be used in 

conjunction with Problem Pl-9. Professor Susan Montgomery has done a 


P-1-1 
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great job pulling together the material on real reactors in her equipment 
module on the CD-ROM. 

Pl-18. I always assign this problem so that the students will learn how to use 
POLYMATH/MatLab before needing it for chemical reaction engineering 
problems. 

Pl-19. As the WWW becomes more developed, it may be more and more 
important to assign this problem. 

CDP1-A Similar to problems 3, 4,11, and 12. 

CDP1-B Points out difference in rate per unit liquid volume and rate per reactor 
volume. 


Summary 


Pl-l 

Assigned 

o 

Alternates 

Difficulty 

Time 

• Pl-2(b) 

AA 

2(a),2(d), 2(e) 

SF 

15 

• Pl-3 

AA 

3,4,11,12,A* 

FSF 

30 

Pl-4 

AA 

3,4,11,12,A 

FSF 

30 

Pl-5 

I 



Pl-6 

I 




PI-7 
• Pl-8 

I 

- Read Only 

SF 

5 

PI-9 

O 



Pl-10 

O 


FSF 

60 

Pl-11 

AA 

3,4,11,12,A 

FSF 

30 

Pl-12 

AA 

3,4,11,12,A 

FSF 

30 

Pl-13 

I 


Pl-14 

S/G 




Pl-15 

S/G 




Pl-16 
• Pl-17 

S/G 


SF 

45 

• Pl-18 



SF 

60 

Pl-19 

I 



CDP1-A 

AA 

3,4,11,12,A 

FSF 

30 

CDP1-B 

I 

FSF 

30 


Solution 

Given 

No 

c&d Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

Partial 

Partial 

No 

Yes 

No 


Assigned 

• = Always assigned, AA = Always assign one from the group of alternates, 
O = Often, I = Infrequently, S = Seldom, G = Graduate level 
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Alternates 

In problems that have a dot in conjunction with AA means that one of the 
problem, either the problem with a dot or any one of the alternates are always 
assigned. 


Approximate time 
problem. 


in minutes it would take a B/B* student to solve the 


Difficulty 

SF = Straight forward reinforcement of principles (plug and chug) 

FSF = Fairly straight forward (requires some manipulation of equations or an 
intermediate calculation). 

IC = Intermediate calculation required 

M = More difficult 

OE = Some parts open-ended. 


'Note the letter problems are found on the CD-ROM. For example A s CDP1-A. 


Summary Table Ch-1 


Review of Definitions and 

1,5,6,7,8,9 

Assumptions 


Introduction to the CD-ROM 

17,18,A 

Make a calculation 

10,11,12,13 

Open-ended 

14,15,16 

Straight forward 

2(b),3,13 

Fairly straight forward 

4,11,12,B 

More difficult 

10 


p.1-3 
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PI * 1 No solution will be given. 

PI -2 

(a) Reactants might not be hot enough to react. 

(b) Plot Cost vs. Volume on log-log paper. Use this graph to generate an equation for 

cost as a function of volume. n 

In (Cost) vs. In (Volume) 



(c) 

(d) 


From this we generate the equation: Cost = 13,270(V) 029 

We can use this equation to find the desired prices: 

For a 6000 gallon reactor: Cost = 13,270(6000)° 29 = $165,400 

For a 15,000 gallon reactor: Cost = 13,270(15,000)°^ = $215,740 


10 dm/min C. 

v = -r—-In-± 2 — 

0.23 mm 0.001C. 

AO 


= 300.3dm 3 


For Constant Pressure: 


(e) 


r _ 1 _ 1 d(C A V) dC A C^dV 

A V dt V dt dt + V dt 
_ dC. C. 


dt 


-wtV,cos(wt) 


V c + Vjsin(wt) 

He/She tnight not be able to respond to a malfunction if he/she became injured, and 
no one would be there to come to his/her aid. J 


1 -^ 




El^i- For i CSTR, aqaetioa <Sl-3) i* 


whore -r A - k C A 

F A • V 


So t ho first •qurtioa bicoati 


5m1 ~ c a t 


«iw. a th.t C A - 0.1 C AQ . t - 10 d. 3 /.ia „ d k . 0 . 23 /.ia. 


~ g A 0 T - 9.1 C An r 9(10 A.*, ■ . 

*<«•«'„ - JtS ■ Ul.t U«.r. 

"• Cm “ 4 “••* *»• . . diti .„. 


Solution 

Reaction: A-> B 

Problem; Determine time to reduce the number of moles of A to 1% 
of its initial value. 

Mole Balance: (constant volume, batch reactor) 

—-*■ = r A V 
dc 

Rate Law: (fust order) 


” r A “ *C A , where k=.23/min and C A = • 


Therefore, -r A =k— 
V 

Combine: 

<*N, _ _ 


i s A 

j dts -lj£L 

t = 20.0 min. 


(Solution by J.T. Sandni, Jr.) 



a) The assumptions made in deriving the design equation for a batch reactor are: 

- closed system: no streams carrying mass enter or leave the reactor 

- no spatial variation in system properties 

b) The assumptions made in deriving the design equation for a CSTR. are: 

* steady state 

• no spatial variation in concentration, temperature, or reaction rate through the vessel. 

c) The assumptions made in deriving the design equation for a plug-flow reactor are: 

- steady state 

- no radial variation in properties of system. 

d) The assumptions made in deriving the design equation for a packed-bad reactor are: 

- steady state 

- no radial variation in properties of system. 

e) -iV is the rate of disappearance of species A per unit mass (or area) of catalyst [=] moles / (time- 
mass catalyst). r A * is the rate of formation of species A per unit mass ( or area) of catalyst (=] 
moles / (time-catalyst). -r A is an intensive quantity, in that it is a function of the concentration, 
temperature, pressure, and the type of catalyst ( if any), and is defined at any point within the 
reactor. An extensive quantity is a property which is obtained by summing up the properties of 
individual subsystems within the total system; in this sense, -r A is independent of the •extent’ of 
the system. 


Pl-6 


General Mole Balance: 



F j.-Fj + /ridV 


For a CSTR, there is no accumulation. Also, assume well mixed, so that there is no spatial 
variation in the reactor. The mole balance simplifies to: 

0 = F jo -F j +r j V 

The rate of reaction based on volume is related to the rate of reaction based on catalyst weight by 
the bulk catalyst density Pb- The reactor volume and catalyst weight are also related by a similar 
equation. 


- r j=Pb(-*i) 

W = Vp„ 

Combining and rearranging the last three equations gives the equation for a “fluidized” CSTR: 



(Solution by J.T. Santini, Jr.) 



Cl-4) 


pi-7 . Holt btltace oa species j is* 

r V 

F. - F. + r.d 
jo J J J 


-V dN ; 

,dV 
o 


dt 


let - ®ol. wt. of species j 


F ]o «, . ^ t-1 tSHt * 4t J 14,4 “• *•“*“* 


N.H - n. C-] (=ol*t) - ■*** of J ia :il * [ " ttor 

Halt iply in.* Eqa. (1-4) 1!^ 

y 


dN. 


Vj- F j V"jJ 'i" - “i « J 


(1-40 


and noting tiat is constant: 

“j I’ V 7 ■ f Vi 47 


dN. dCM.n.) 


M 


j dt 




dt 


Or. upon sabstitatioa iato Eqa. (1—4a) 

V 


Vr'iVl a i 4 j 47 - it <W 


jo jF 


y da 

47 -« 


j „ iV 


Pl,g. No solution will be given. 
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Typt of Reactor Characteristics Kinds of Phasee Usage Advantages Disadvantages 

..- _Present__ 


2 

\o 


Given: Los Angeles Basin: A = Basin area = 2x 10 10 ft 2 . Hi = Inversion height = 2000ft, 
V = 4 x 10 13 ft 3 . Basin may be considered ‘well-mixed*. 

v 0 wind from Mojave Desert T = 75 °F and P 0 = 1.0 atm 

Fco.a = CO emission from autosF C o.s = CO in Santa Ana wind 

Ycoa = 0.02 Cco.s = 2.04 x 10* 10 lbmol/ft 3 

V A = 3000ft 3 /car at STP C = number of cars = 400,000 


1. 


Nb = no. of lb moles gas in system: 


P„v (l.OatmfcxlO 13 ) 

RT (p.7302 atm ft 3 /lbmol-° RJ(535° R j 


= 1.024x10" 


2 . 

Fco.a = yco.A V A C = (0.02 molCO/ molgasX3000scf/hr ■ carX400.000carsXlbmol/390.66scf ) 

f co.a = 6.143xl0 4 lbmol/hr 

3. v = wind speed = 15 mph W = corridor width = 20 miles 

v„ = vWH, = (l5mphX20mUesX2000ftX5280ft/mae) 2 
v # =l.67xl0 13 ft 3 /hr 


4. 

Fco^ = V 0 ^co^ =(2.04xl0 -, ° lbmol/ft 3 ]^.67xio 13 ft 3 /hr) 
= 3.407 xlO 3 lbmol/hr 


5. CO Balance: Input to LA Basin from cars = F C o.a * from the Santa Ana wind = Fcos; 

Output = v 0 Cco, where Cco = Concentration of CO in Basin. 

Fco.a + F COtS ~ mV a ^co = V' 

C C0 * C C0,0 ; rearraagiag sad iategratiag above 

dC C0 _ _ -la - F C0.A*^C0 ,S ~ y o C C0 . j* dt 

<4 0>0 F C0.A* F C0.S ~ V o C C0 T o F C0.A +F CO.S ~ ^CO.O o 7 

• V_ ^C.O^CO.jST Vco.Q 

o *C0.A *C0 # S o CO 


6 . At t * 0, 


f 


'CO 
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7. At 8 pp«. C - 2.04xl0~ 8 lb «oi*/ft 3 ; 


«tJ pp«, C C0 “ 8 x 2 *° 4 *10 
C co • 0.51xl0~ 8 lb aole/ft 8 


—8 lbmole 
ft 3 


♦ t _ 4xl0 13 ft 3 ft 3 , ... v 
• • t 7^ la(A) vliiro 

1.67xl0 13 hr 


A - C* 


-1.04^0-* , 1 .„, 10 U ill 



6.685x10* * 3.407xl0 3 ±S 3£±£ -o.«,, n -8 Ibaole 


br 


-0.51x10’ 


1 f 


x 1.67xl0 13 — 


br 


e • 'T87 L la I ^ 85x10 ** 3 - 4 07xl0 3 -3 a 4Q7 3l o£ _ _4 , 

«.685x10 4 +3.407xl0 3 -. 8517 x10 5 X * 87 * 4- 


703 

8517xlO J A * 0/ l- 4 « 

- 1.43 hr. 


1 h*. 


Fox NO: 


^NO,A ™ 3.84x10 8 lb aol«/ft 3 


NO 


.A " SlO.A V A C 


F NO.A " 3.84xl0" 8 lb *ol«/ft 3 x 3000 ft 3 /hr.c*r 
x 400,000 ear* » 4.608xl0 3 lb Bole/hr 
3* “ 1.67xl0^ 3 £t 3 /hr (ua« as for CO) 


4 - F A0,S " 0 ( « iTea) 


5. NO material balance b«coaos ( ▼ ith, ^ ■ 0 


F N0.A - T 0 C N0 


- dC N0 „ . 0.5ppm * .. ..-8 lbmole 

7 dt SO.O °* 3 *** " ^pT 4 3.04x10 —y 

C N0,0 " *1273x10 8 lb aole/ft 3 


Solution, to D.E. is ao * 

la C 


- 1. r!N0.A - y o C NO. Q] 


f no,a * ’oSjo 


i '|0 


O 



Pl-10 (cont’d) 

7. Tha lowest concentration of NO oeesri when that taken ‘’‘T ^7 the wind is 


just balanced by that produced by the sstsl> i.a. Than 


IfraaLc. 

iSiQ. . 0 • C - N0 -^ - *- g08 ^-- 2.7«*10" 10 

dt 0 • * So.SS T o x. 67 * 10 13 ft 3 /h* ft 3 


with . 0.1 pp. - °' 1 p ^ 5L * 2.04xl0 _> lb»ole/ft 3 - 2.55x10' 


>10 lbnole 
ft 3 


It is saan that this is lass than The_concentration of NO will 

aawcr raaeh 0.1 ppm nalaas L.A.’s driving habits are altased. 


Pl.ll. Solution 

Reaction: A-> 0 

constant volumetric flowrate; isothermal; continuous flow 
reactor 

Fao»5.0 mol/hr, v o =l0 dm 3 /hr-> Ca.o=0.5 mol/dm 3 


(a) -rA=h, with k=0.05 


mol 
hr dm 1 


CSTR 

Mole Balance: V = F ‘° 

-r A 


Rate Law. 




= k = 0.05 


mol 
hr dm 1 


Combine: V = 


F..-0.0 1F 
-r. 


' 5 molY 0 .99) 

da.-\ \2-L -- = 99.0 dm’ 

{**&) 


Volume of the C^iR= 99.0 dm 3 



PI-11 (cont’d) 


PFR 

, r, , dF A 
Mole Balance: —7 = r A 
uV 

Rate Law. -r A = 1c = 0-05 

_ ' dF A . 

Combine: ——- = -k 
dv 
F. 


mol 
hr dm 3 


-ijdF^JdV 

fj 2 *) 


(-0.99) 


Volume of PFR= 99.0 dm 3 
(b) -r A =kC A/ with k= 0.0001 s * 1 

C5IE lr c y 

„ . „ y 0 (c Ao -c A i 

Mole Balance in terms of concentration: v - _ r ^ 

Rate Law. -r A =kCA ^ 

fin^5L\o.gg^ 

yjc^-o-oic^ 


Combine: V- ’ 

V = 2750 dm 1 


( 0.0001) 

(0 0\{ 

l S J 

" 01 \ hr ) 


dC A r A 

Mole Balance in terms of concentration: -^- = “ 


PFR 
Moli 

Rate Law. -rA=kC A 

V O.OlC** 

Combine: J d.V = J * 


( 10 dm 3 

v f 0.01 C.-1 ~l ^ / _InfO.01^ 

V ’~k[ c„ KaOOOTY MOOS') 


Volume of PFR=128 i 0_dm^ 


( 0.0001 > 

(3600 

l T ~) 

l hr J 



Pl-11 (cont’d) 


(c) -r A =kC A 2 , with k=3.0—— 

mol hr 


CSTR 


Mole Balance in terms of concentration: V = ~ c a) 

Rate Law: -r A =kC A 2 A 

C= mtoe : «"<=-) 

v(n mn \ / 


( 3 -°^?) aoooi { 0 ' 5 ^) 


k(0.01C Ao ) z 

Volume of CSTR= 66.QQ0 dm3 
PFR 

Mole Balance in terms of concentration: = .Ia. 

dV v„ 


Rate Law: -r A =kC A 2 

v o-ojc*. 

Combine: fdV = --a. f - v » f _L_ 4 . 1 l 

j k J c A * - kcJ aoi +1 J 


V = — 


^ 3.0 


["&) 


dm 3 


0.5 


moH 

mol hr/, dm 3 j 
Volume of PFR=660 dm 3 


[—99.0] 


(Solution by J.T. Santini, Jr.) 




Solution _ c 

Reaction: . A > ° k . . 

isothermal; well-mixed; constant volume batch reactor 

V=20 dm 3 , N A o= 20 moles 

(a) -r A =kCA, with k=0.865 min* 1 

Mole Balance: (constant volume batch reactor) 
dC v 

. “ • A 

dt 

Rate Law. -rA=kCA 
Combine: —~~~ — “kC A 

• fd 

I*--] — 

* i _J°£l 

1 J 0-865 min" 4 L 20 i 


t a 5.3 min, 

Cb) -r A =kCA Z , with 1c = 


2 dm 3 
mol* min 


Mole Balance: = r A 

at 

Rate Law -r A =kCA 2 

Combine: = -kC A J 

at 


f *-m 

n r A 


t = 9.5 min. 


f 2 dm 3 Y* 

‘ f 0.05 molY' , ( 

mol • min J 

[ V dm 1 J l 


(d Assume Ideal Gas Equadon Holds 

Temperature = 127*C = 400K (constant because isothermal) 
Volume « 20 dm 3 (constant) 

Initial Total Moles = 20 

Final Total Moles = 40 (reaction goes to completion) 
dm 3 •atm 

Gas Constant = 0.081 mQl .^- 

Inidal Pressure: 

nRT (20molesX0-082)(400K) 

P. * —“— = j_l\ 


P a = 32.8 atm 


(20dm 3 ) 


Final Pressure: 

nRT (40tnolcs)(0.082)(400K) 
P( =_ v“ = (20dm 1 ) 


Pl-13. PBR 


The volumetric flow rate is given as Uoi =30',000 m3/hr at T1=513K and PI = 27 atm. The ideal gas law is 
used to determine the volumetric flow rate, o 02 , at STP. 

Vq\ P\ _ V02 jj i 
* “ T 2 

Solving for \>q 2 yields: 


m 


v PT 30,000— * 29SK*21 atm 1A 

= JWl = - hr _ m lft . Ihr ft* 

^1^2 SISA’Marm 3048m 3600sec sec 


In order to find the residence time of each molecule, we will first calculate the gas velocity, u, in each tube 
(where N is the total number of tubes and AC is the cross sectional area of each tube). 


2b-„. 


30,000— 

_ hr 


NA c 2050 * 5.89*1O' 4 m 


7 = 24,846-^- = 6.90— 
hr sec 


The residence 


T = -- 
U 


time can now be calculated using the gas velocity and the length, L, of each tube. 

12m 


m 

6.90- 


= 1.75 sec 


sec 


. \ 

STTR 

u 


300,000-f— 

__ hr , . m „ ., m 

A c 9.62m 2 31,191,4 hr ~ 866 S ec 


■ ,D - • u 


38m 


8.66 


m 

sec 


= 4.4 sec 




''catalyst 


= — -150,000fcg 

V 38m*9.62m 2 41 °’ 3 m 3 



ELH. No solution will be given. 

~— a) Chemical Marketing Report, Chemical Week 


Pl- 16 - 


b> ^ r0C£S lI nduStries (R N - Shreve, J.A. Brink. Jr.. 4th ed.. New York - McGraw . Hill 

B°°k Co.. Inc., 1977), Industrial and Engineering Chemistry. McOraw-H.il 

'if'i petr0,eum refining operates at 885-1020°F and 10-30 

X c ' Shrev ‘ ,A - Brt " fc *“ *- *>* • m«=»- 


No solution will be given 


Pl- 18 . 


Pl-18 (a) 

Equations ? 

d(x) /d(t) =kl*x-k2*x*y 

d<y) /d{t) *k3*x*y-k4 # y 

kl*.02 

k2=.00004 

k3».00004 

k4».04 


Initial value 
S00 
200 


c 0 °‘ C f = 800 



Pl-18 (b) 

Equations; 

f(x)s X **3»y-4*y* *2^3* x -x 

f(y)=6*y**2-9*x*y-5 


Initial value 
2 
2 


Bi-t8 (o) 

Solut1 On 

- _#o_ 

2.38504 2.292.-1 4 

3.^3203 -2.S54.-ts 


Pl-19. 


No solution will be given 




CDP1-A a) Find number of moles and concentration 


_ PV _ (20 atm X200 3 ) f 101 .33 kPa 

RT f i_ n _ j 3 '\ I 


8.3145 


kPadm 


molK 

molesA = .75 * 97.5 = 73. 1/no/e.sA 


\ 

(500 a: 

> 




lafm 


C, = 


moles 73. 1 moles 


b) 


volume 200 dm 3 
Determine reaction time 


= 0.37 molesA 


dN A 

w 

dt 
731 


73.1 A 0 

In .731 - In 73.1 = -.lr 
f = 23 min 


c) 


Determine reaction time 


<£!V „ 

~ir =r ‘ v 

V 

Jr 


.074 


37 ^ A 0 

- 10 .8 = -0.7r 

t = 15 min 


= 97 .5 moles 



CDP1-B 


®iTcn: Liquid phase 


There 


reaction A —> B 


in a foam reactor: 





Figure Pl-10* 

Consider . differential elenent. AY of the reactor: 

* 

By material balance F A - <p + A - * % 

A ' f A * AF A ) “ r A (l-e)AV 


Or: 


rto*. U-oUV - frsetion of rs.ctor element rtich u Uquid . 


-AF a <= (-r A )(l-e)AV 
• dF 

* * dV* * r A (1-e) “»*« relste (-r A > to F A> 

F a is the total (gas + liquid) molar flow rste of A. 

"'A = r * te of rMctio » ((noles A per on c. of liquid per see) 
e - volume fraction of gas 

F A - Bolar flow rate of A (gmoles/sec) 

V » volume of reactor 


i -(8 
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Chapter 2 

General: The overall goal of these problems is to help the student realize that if they 
have -r A =/(X) they can "design" or size a large number of reaction systems. It sets 
the stage for the algorithm developed in Chapter 4. 

P2-1. This problem will keep students thinking about writing down what they 
learned every chapter. 

P2-2. Part (a) is open-ended and encourages the student to do little "OUT OF THE 
BOX" thinking. 

P2-3. Straight forward rehash of Example 2-7 to calculate reactor volumes. 

P2-4. Uses definition of space time to calculate V. Can be done in 30 seconds. 



P2-5. 

P2-6. 


P2-7. 

C • 


No calculations necessary for this problem, but does require some thinking. 

This problem encompasses most all the key points of Chapter 2. That is, if 
we are given -r A =/(X) then we can size any number of reactor systems. 
Some parts plug and chug, others require more thinking. 

Good troubleshooting problem. Could ask the students to brainstorm in 
groups what could have happened. 


Problems P2-8, P2-9, and P2-12 are alternative problems to P2-6 and can be assigned 
in different years. 

P2-10. The point is to estimate the sizes of these real reactors. The students can use 
the door as a point of reference to estimate the reactor volumes. Could be 
used with the ethical dilemma problems. CDP2-B. 

^2-U. Open-ended in that student is faced with decision on how to relax. 

tm 

P2-13. In recent years, a number of students have on their own fit a polynomial to 
the curves in P2-6, P2-8, P2-9, and P2-12 and then used POLYMATH to solve 
the problems. 

•ni 9v. 

- \'Y. . 

Problems P2-14 and P2-15 encourage outside reading and help to develop life-long 
learning skills by obtaining information on their own. 

CDP2-A Similar to 2-9 

ft* IT 

CDP2-B Good problem to get groups started working together (e.g. cooperative 
learning. 



CDP2-C Similar to problems 2-8, 2-9, 2-12. 
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CDP2-D Similar to problems 2-8, 2-9, 2-12. 

Summary 

Solution 



Assigned 

Alternates 

Difficulty 

Time 

Given 

P2-1 

O 



5 

No 

P2-2 

O 


OE 

30 

No 

P2-3 

I 



15 

Yes 

P2-4 

o 



10 

Yes 

P2-5 

o 


M 

40 

Yes 

• P2-6 


8,12 

SF 

20 

Yes 

• P2-7 


6,8,12 

M 

45 

Yes 

P2-8 

AA 

6,7,12 

FSF 

50 

Yes 

P2-9 

O 

A,B,D 

SF 

60 

Yes 

P2-10 

S 


SF 

20 

No 

• P2-11 



SF 


Yes 

P2-12 

AA 

6,7,8 

SF 

60 

Yes 

P2-13 

S 


M 

30 

No 

P2-14 

S 



60 

No 

P2-15 

S 



30 

No 

CDP2-A 

O 

9,B,C,D 

FSF 

45 

Yes 

CDP2-B 

0 

9,B,C,D 

FSF 

15 

No 

CDP2-C 

O 

9,B,C,D 


10 

Yes 

CDP2-D 

O 

9,B,C,D 


10 

Yes 


Assigned 

• = Always assigned, AA = Always assign one from the group of alternates, 

O = Often, I = Infrequently, S = Seldom, G = Graduate level 

Alternates 

In problems that have a dot in conjunction with AA means that one of the 
problems, either the problem with a dot or any one of the alternates are 
always assigned. 


Time 

Approximate time in minutes it would take a B/B* student to solve the 
problem. 

Difficulty 

SF = Straight forward reinforcement of principles (plug and chug) 

FSF = Fairly straight forward (requires some manipulation of equations or an 
intermediate calculation). 

IC = Intermediate calculation required 

M = More difficult 

OE = Some parts open-ended. 


P-2'2 


3rd Edition, Solution Manual, Chapter 2 


‘Note the letter problems are found on the CD-ROM. For example A — CDP1-A 

Summary Table Ch-2 


Straight forward 

3,4,6 

Fairly straight forward 

8,11 

More difficult 

5,7,13 

Open-ended 

2(a),2(b),7,10,ll,14,15, 

B 

Comprehensive 

2,3,4,5,6 

Parameter sensitivity 

— 

Critical thinking 

5(d),9(a) 




Chapter 2 


P2-1 No solution will be given. 

P2-2 

(a) Plotting the given data as l/-r A vs. 1/(1-X) produces a linear graph. This 
can be used to extrapolate values for —r A for all of the conversion values 
up to the desired 0.98. These values can be used to calculate the desired 
volume. 


(b) 


P2-3 


1/-ra vs 1/(1 -X) 



0 1 2 3 4 5 6 7 


1/11-XJ 

The following equation was found to fit the data: 

-U,9.3,2-4^ 

-'a (I-X) 

Graphing l/-r A vs. 1/(1-X) : proved to be non-linear. 


One cannot extrapolate to a higher temperature unless the activation energy is 
given. 


a) Scheme A 

v v = fAo| ' F ">'[2 (. r A (X=0) * - rA(X=0.3)l 
= 58.5 dm 3 

Vtoui « 58.5 + 346.7 = 405.0 dm3 

a-*/- 



P2-3 cont’d 
Scheme B 


Vl 3 ~^7 L * 60 (0 - 3) (300) = 78 dm 3 


i * Fao f ^in fa-1* 1 -|- 4 

Jj * A 3 [- r A (.3) - r A (.4 


• r A (.425) - r A (J5) . r A (.675) 

V 2 * § H? 5 ) 1250 + 4(27S ) * 2(325) + 4(500) + 800] 

V 2 * 173 dm 3 

v Toui = 78 dm 3 + 173 dm 3 = 251 dm 3 
b) Scheme A 


- 1 _‘ 

- r A (.8). 


Vi - F ao 3-[; r ^ (0) *. ?a( 35) +. r A (.7)] 

= 60 Hn^ 200 + 4(265) + 550] = 183 dm 3 
v 2 * (-8 • .7) (800) * 693 dm 3 


V-foui = 252 dm 3 
Scheme B 

Vl 3 60 C?) (550) = 333 - 7 d ® 3 
Vz = 60 ^550 + 80 °1 = 58.5 dm 3 

Vjoui = 392 dm 3 


X-S 












P2-5 cont’d 


where 


(2 + a)X ( 


For the second root X Mlf > 1 


rich is impossible. Hence, 






P2-5 cont’d 


* = 2 

r " 4r 

(2 + a)-^a-+4a- — 
^oa = 2 ' 

For a = l, = 0.634 


System 3: 

CSTR 

From Equation (l) 

(2 + a/2)-VaV4 + 2a 

X, “ 2 

PFR 

From Equation (2) 

X ~L- 
2 l + a/2 

X. + X, lf (2 + a/2)-^a 2 /4 + 2a ^_l__ > | 

x o* ~ 2 2 I 2 l + a/2J 

For a = 1, X 0A = 0.583 

(a) System 2 will give the highest conversion. 

(b) System 3 will give the lowest conversion. 




P2-6 


Solution 

X 0 

-r A 10 

l/-r A 0.1 


0.2 

0.4 

0.6 

0.8 

0.9 

16.67 

50 

50 

12.5 

9.09 

0.06 

0.02 

0.02 

0.8 

0.11 


(a) To solve this problem, first plot l/-rA vs. X from the chart 
above (see attached plot). Second, use mole balances as given 
below. 


CSTR: 

Mole Balance: V OT = 


F x fooo —W) 

\ min ) 

-r A r 50 ™i_) 

V dm«miny 


Vcsnt ■ ^Adaa? 


PFR: 

Mole Balance: V m =F^J—= 300 [area under the curve] = 7.2 dm* 

• f A 


0.4 0.6 

X 

(b) For a feed stream that enters the reaction with a previous 
conversion of 0.40 and leaves at any conversion up to 0.60, the 
volumes of the PFR and CSTR will be identical because the rate 
is constant over this conversion range, (see below) 



(Note: The reactor(s) before and up to achieving a conversion of 
0.40 must be in series with no side streams.) 


9-1 




P2-6 cont’d 

(c) = 10.5 dm 3 

Mole Balance: 

~*A 

X _ V _ 10.5 dm 3 __ 0 Q 25 dm 3 min 

” r A Fa* 300— ~ mo1 

min 

Use trial and error to find the maximum conversion. 

First, pick a conversion. Second, find l/-rx from the plot Third 
check to see if X/-r a is equal to 0.035. If it is, then the correct 
conversion has been chosen. 

At X = 0.70. — = 0.05, and— = 0.035 dm * ^ 

-r A -r A mol 

Maximum conversion = 0.70 

(d) 



From part (a), we know that Xj=0.40. Use trial and error to 
find X 2 . 



Xi X 2 


X 


a-io 




Mole Balance: V = ■ 
rearranging, we get 


Fa.(X,-X,) 

“ r A)x, 


X, -0.40 V 2.4 
-fJx, 300 


= 0.008 


At X. = 0.64, ^ 40 = 0,008 

~ r A)x t 

Conversion = 0.64 


(e) 


~L 

^ -Si 


CSTR 


2-CZrn 




From part (a), we know that Xi=0.40. Use trial and error to 
find X 2 . 



At X, = 0.908. V = 300 [Area Under the curve] = 300 [0.024] = 7.2 dm 1 
Conversion = .908 



Conversion 


P2-6 cont’d 


(f) See plots below. 

Conversion as a Function of Rate of Reaction as a Function of 


PFR Volume PFR Volume 



?FR Volume (dm A 3) PFR Volume (dm A 3) 

P2-7 

Questions from Sgt Ambercromby: 

1. Could a dent cause the stirring blade not to turn? 

2. Is the temperature the same? 

3. What causes the whoosh sound? 

4. How much does the dent reduce the volume? 

Possible reasons for the drop: 

1. Temperature of the feed. 

The rate of reaction depends on temperature. 

2. Flow rate 

Residence time depends on the flow rate. If flow rate T, residence time i, 
hence conversion l. 

3. Level of liquid in the CSTR 

If liquid level effective volume of CSTR >1, hence conversion 4% 

4. Concentration of A in feed 

Rate of reaction depends on the concentration of A in the feed. 

5. Performance of the stirrer in the CSTR 

If there is some malfunctioning in the stirrer, the CSTR will no longer be 
well-stirred and there will be some ‘dead volume’. This decrease in the 
effective volume would cause a decrease in conversion. 






(min) 


1*2-7 cont’d 



Conversion, X 


Initial Operating Conditions: 
Xo = 0, X, =0.64, X 2 = 0.82 







F2-7 cont’d 

This 20% decrease in volume could not have been caused by a small dent The 
most likely explanation is that the stirrer fell off, which caused ‘dead zones and a 
decrease in the effective volume. 

To increase the conversion to above 0.50, switch the order of reactors. By placing 
the PFR before the CSTR, the necessary conversion can be achieved. 





P2-8 cont’d 

" F " “ »-3. Fi,„. P2 „. tt . t , m 

“* “* 1U,t f " “• ™ *« ti. .re. udtc ti . wt . 

* «•*— "l— i. . 1.0 by follooiaj tb. m . iti . era. !. til , 

C,S * tiC * rC * C ° aSidered WOttld be the rectangle bounded by 1-0.3 end X-0.7 

v ith a height equal to the r / , 

** *t 1-0.7. which i, 1,„ ti>a ti . , re> 

Uader the curve. 
b) % - 50 l/ain 

^ * v c I# where 


* * * rct considered in part a. 

1 ■ i°’ 3 rf « ♦ <o.7-o.$) ^ 

0 A -x. 


X-0.7 

- <0.3 - 0) (10) * (0.3-0) (50-10) - (0.7-0.3) (15) 

“ 15 ain 

*° v • T. X - (50 1/ain) (15 ala) - 750 1 - 750 da*. 

The smallest tree can be achieved by naing only one CSTR with this system 
C. 


I - (0.7-0.0) 


IA2. 

-r. 


(0.7-0)(15) - 10.5 ain 


X-0.7 


So V - w o I - (JO) 1/ain (10.5) ain - 525 1 

*e would further reduce the total voluae by using a PFR at first up to the 
conversion that gives the saae C AQ /-r^ as X-0.7. 

d > To obtain equal CSTR and PFR voluaes the area under the curve oust be equal 
t0 the area of the rectangle up to the specified conversion. 

By trial and error we see that X-0.45 is a solution. For the CSTR, 

C. 


I - (0.45-0) — 
-r. 


(0.45-0)(37) - 16.55 ain 


X-0.7 


So V - v^ I - (J0 1/ain) (16.65 atn) - S32.5 1 


a-- ir 



P2-8 cont’d 


For the PFR 


f 0 * 45 !ao 


Usinj Simpson'* ml• 

I - (10 * 4(1J ) + 2(20) + 4C35) >► 2U2) » 4U3) 2(50) ♦ 

4(48) + 2(43) + 37) 

- (10 ♦ 4(15 ♦ 35 + 48 ♦ 48) ♦ 2(20 * 43 * 59 * 43) + 37) • 


So V - t I - (50 1/aia)(15.72 aia) - 786 1 
o 

There is si so a solution at aa 1>0.7 


6 % differeace. prater 


Try I - 0.8 


For the CSTH. 


I - (0.8-0)(33) - 26.4 aia 


For the PFR 


, 0 .§ 

_ f AO _ 

I - - dX 

J 0 -r A 


- ^ (10 ♦ 4(20) ♦ 2(43) 4(50) ♦ 2(43) ♦ 4(32) ♦ 2(17) 

♦ 4(15) ♦ 33) 

- (10 •*> 4(20 ♦ JO ♦ 32 ♦ IS) ♦ 2(43 ♦ 43 ♦ 17) ♦ 33) - 23.9 aia 


Try 1-0.79 


For tha CSTR 


1 - (0.79)(30) • 23.7 aia 


So V - ▼ I - (50 1/aia)(23.7 aia) 
0 


- 1185 1 (dm*) 


>-l* 





P2-8 cont’d 

For tbs PFR 

I - 23.9 - ^ (0.8-0.79)(30+33) - 23.9 - 0.313 - 23.58 min 

So V - v e I - (JO l/.i a ) (23.58 *ia) - 1179 1 

0.5% difference 




Fifuxe P2-8E. 


For oxlr particular 


case 



14 aia 


Tk * tt,pi yi * 14 * «**•• possible steady states 
X x - 0.233. Xj - 0.335, sad Xj 0.730. 





P2-9 


A + 2B —» C 


Data taken at 1013 kPa (10 atm) and 227°C (500.2 K) 


y A =0.333 C Ao = = 7 ^°' 33 ^ 1 °) - = 0.08113gmol/dm 3 

RT (0.082X500.2) 


-r A 0.000010 0.000005 0.000002 0.000001 

X 0 02 0.4 0.6 

~C~l-r 8112.77 16225.54 40563.84 81127.68 


£ 60000 


y 40000 



0.2 x 0.4 


(a) 30% conversion in PFR: 


x PFR = C Ao j-^- = 4,664.84 s =» V = v 0 t = (4664.84 | 2 m ’ /min ) = 155.5 1 


(b) 30 to 50% conversion in CSTR: 


.C,(K,-X,). 




Vcstr = (12,169.2 sj^|2m 3 /min)= 405.64 m 3 


(c) Total Volume: 


V ToI „ =155.5+ 405.6 = 561.1 m J 


(d) 60% conversion in PFR: 


x pfr =Cao}— = 20,281.9s => Vp^ =(20,281.9 sf^j-1(2 m 3 /min)= 676.061X1’ 

0 r A \ ) 


>-16 



P2-9 (cont’d) 

80% conversion in PFR: 

r A is not known for X>0.60 - can not do. 

(e) 50 % in CSTR: 

t = C Ao — = 30,422.9 s 

~ r A 

V = v 0 t = (30,422.9 m 1 2 3 /min)= 1014.1 m 3 

(f) 50 to 60% conversion in CSTR: 

c Ao (x 2 -x.) 

t = —■ - -— = 8112.8 

- r « 

v = V « T = ( 81m3/ min)= 270.4 m 3 


(g) 


Rate of Reaction vs. Volume 



0 200 400 600 800 

Volume (m 3 ) 


Conversion vs. Volume 



(h) Critique 

Answers are Valid: 

1. Constant Temperature and Pressure 
No heat effects 

No pressure drop 

2. Single interpolation to X A = 0.15,0.30,0.45, and 0.50 allowable 

3. Huge volume (the size of the LA Basin)! Raise T? Raise P? 


3‘H 




P2-10 


Problem 2-10 involves estimating the volume of three reactors from a picture. 

The door on the side of the building was used as a reference. It was assumed to 
be 8 ft high. 

The following estimates were made: 

CSTR 

h = 56 ft d = 9 ft 

V = rcr 2 = re(4.5 ft) 2 (56 ft) = 3562 ft 3 = 100,865 L 

PFR 

Length of one segment = 23 ft 

Length of entire reactor = (23 ft) (12) (11) = 3036 ft 

D= 1 ft 

Vsro 2 = Jt(0.5 ft) 2 (3036 ft) = 2384 ft 3 = 67,507 L 

Answers will vary for each individual. 

P2-11 No solution necessary. 

P2-12. 

(a) The smallest amount of catalyst necesary to achieve 80% conersion in a CSTR and 

PBR connected in series and containing equal amounts of catalyst can be calculated 
from the figure below. 



Conversion. X 

The First shaded area with the lines going up from the right to the left denotes the 
CSTR while the area with the lines going up from right to left denotes the PBR. 
This figure shows that the smallest amount of catalyst used is obtained when the 
CSTR is used before the PBR. 


Q. ' 3-0 


P2-12 cont’d 

80% c“ n *' Same ^on to 
rectangle below. ~ S iTR by detemuniung the area of the shaded 


(*e 



(c) 


(kg 





tl Conversion y 

Th« amour., of ea,aly st . W. „ eed5d caa ^ found „ ^ ^, 


J-a-l 


£2-12 cont’d 



The necessary catalyst weight can be found to be approximately 30 kg. 

(e) The amount of catalyst necessary for a single PBR to obtain 40% conversion can be 
calculated by finding the area of the shaded region below. 



Conversion, X 

The area of this region can be found to equal approximately 15 kg catalyst. 





P2-12 (cont’d) 

(f) 



(g) For different (-r A ) vs. (X) curves, reactors should be arranged so that the smallest 
amount of catalyst is needed to give the maximum conversion. This can be done 
by minimizin g the area that is occupied by a given reactor. 

One useful heuristic is that for curves with a negative slope, it is generally better 
to use a CSTR. Similarly, when the curve has a positive slope, it is generally 
better to use a PBR. 


P2-13 No solution will be given. 
P2-14 No solution will be given. 
P2-1S No solution will be given. 






CDP2-A 


Tkm rustioa A —> 2 S 


C A0 “ 0,2 6*ol/1 


T 0 * 5.0 a /* 


a) Until tie point - l/r A ij independent of X^, i.e. 

X - .5. (Both, hire sene area until X^ « .5) 


10 


-8 


3.0 


, * : * 3x10 

1 - r A .«1 


b) v, 


cm 


f ao x a 


C A0 v a X A 0.2 ; 5.0 r 10 3 


v cm “ 90 d * 


10 3 X. 




»»M' X A < 0.5. Fence - l/r A - 3x10 
to 90 « 3xl0 14 X, 


3 a 3 .* 

AO 1 


3x10 


11 dm .s 


and hence coareriion » X *■ 3x10 


-13 


Note - our a x inapt ion was correct. 



5-l‘Z 





>.7 


CDP2-A cont’d 

r _ J i 10 3 i- 3 

f ao • 3 x :— - 1000 «■!. 

dm • a 

•• W 'if iooo 

Ti. i«.,nl ob tk. R.E.S. ,,i„ tk . |npk i# 

- UxXO 33 , 0.5) ♦ (^ ^ 3x3 ° U ) X (0 . 7 - 0.3, - X.3 x lO 33 ^. 

s. .i. ,i.« ti» ....... . 10 u .j r.?., 

d) Y . F AO iX 2'" 1 l ) 


**A 


cm 




AO 


1000 loli/iiA 


I x - 0.70 
*2 * 0.90 

“ 1/r A ’ rot.)* 1 « t X « Xj . 7X10 11 -^2 


* # V Cm " 1 * <0.9 “ 0.7, x 7X10 11 

- l.«^ 0 U ( 11 ,..,,. . 


gaola 


^ ^ or 4 batch reactor 

i 


• K 


AO 


J 


- Mfe 


di 

o ( * r x )v 


I?* c ***tamt pressure V - y (i ♦ 

• V 


t ao “ 1 (p«** a r.«d) 




*0 t • i 


■»• %'« 


*o t 


AO 


r 


dX C J 


!♦! 





CDP2-A cont’d 


- 0.2 j 41 (lilfiii) 

J 0 1*1 

Slse* for Z lotvata 0 tad .4, -1/r^ it esaitut vitk • rilw 
- JxlO 11 Iferaoie 

So t - O.ZtJxIO 11 ) f - 6.10 10 1. (2>X)] 0 ‘ 4 - 4xl0 10 Cls(l.4) - x» II 

• 2.0?xl0 10 S ° 

• Ttt A rooetioa tkon ptoitui eaa b« followed bp soaoratioas! 

Citique: This is a ridiculously small rate of reaction. 


£PP 2 -B No solution will be given. 

CPP 2 -C 

For the CSTR: 

V 1 =^ii = F A0 ( A rea) 

r A 

, V. 1200 ft 3 
Area * —1- = — ■ = 240 

5 Ibmol/hr 

From the graph we can see that X, = 0.60 
For the PFR: 

v 2 = _A# ^ _*-— = F A# (Area under curve) 

. . V, 600 

Area under curve = —— -= 120 

F 5 

From the graph we can see that X, = 0.80 



Co**r*OA. X 






400 L CSTR and 100 L PFR 


Feed is 41% A, 41% B, and 18% I. 


P = 10 atm T = 227° C = 500 K 

P _ P _10 atm 

To “ RT " (0.082 L • aun/mol • K)(500 K) “ °' 244 m0l/L 
C A0 = 0.41C To = 0.41(0.244 mol/L) = 0.1 mol/L 
f ao = v o^ao - 1 Lfs(0.1 mol/L) = 0.1 moL/s = 6 mol/min 


(a) There are two possible arrangements of the system: 

1. CSTR followed by the PFR 

2. PFR followed by the CSTR 


Case 1: CSTR PFR 


CSTR: 


PFR: 


v . = ^Ao(Area) 

V 400 

Area = -!- = — = 66.67 

F ao 6 

From the graph - X, = 0.36 
Vj = F Ao (Area under curve) 

V, 100 

Area under curve = —— =-= 16.667 

F Ao 6 

From the graph - X, = 0.445 



Case 2: PFR CSTR 

PFR: Area under curve = 16.67 

From the graph - X, = 0.259 
CSTR: Area = 66.67 

From the graph - X, = 0.515 

2 



CDP2-D (cont’d) 


(b) Two 400 L CSTR's in series. 

CSTR1: V = F Ao (Area) 

Area = 66.67 

From the graph - X, = 0.36 
CSTR2: Area = 66.67 

From the graph - X, = 0.595 



(c) 


Two 400 L CSTR’s in parallel. 

To each CSTR goes half of the feed. 


Fao = 6/2 = 3 mol/min 
V = F Ao (Area) 




3 


From the graph: X = 0.52 


(d) PFR: VsF^Area under curve) 

From the graph we can fmd the area under the curve for a conversion of 0.60: 

(060X300) 

2 

V = (2 mo!/min)(90) = ISO L 
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P3-1, 


Chapter 3 

See P4-1, page 205 of the text for guidelines. 


h 


F3-Z. 


id the point is that the rate law (Eqn. E3-2.1) is not valid at very to*? 
f ^ t j- .1 _ i..-■■i-ii ^ nf reaction. cV£n u 


(rl rhP DOJru IS Trial UiC lcill- id-*? “- f — . .j 

concentrations of NaOH (i.c. the rale law predicts a rate of reaction even tl 
C^aOti = 


& 


P3-3. 


This problem motivates the Students as they see applications of CKE , cutset 
examples Found in diemical plants. Surprisingly, the activation energies 
essentially the same. 


F3-4. 


Short problem from DuPont about competing effects corrosion rate**; 

' , _ _ j _ ___ _ rt-r, -nr* ll-i-ai in X/nlvPE r£3.BQnJ 11SL ^ 


snore Druuurin — E 

function of concentration and temperature that involves reason] g 
calculations. 


P3-5. 


Challenges the rule of thumb, the rate doubles for every 
temperature, that the students learned in chemistry. Id | 

version of P3-3. 


P3-6. 


Short problem that reinforces the specific reaction rate, k must 
W.r.t. a particular species i. This problem, which helps lay _ 
multiple reactions in chapter 6, can be given at the same time . 


Problems P3-7, P3-8, PW, P3-11, P3-12, and PM 3 all give practice ^Jfmd 

stoichiometric tables. The industrial Row sheets are given for P^8 anj , 
Xi. These problems can be alternately assigned from year to y ■> y Jj 

is P3-7. 


P3-9. 


This problem begins to prepare the students for those 
membrane reactors, multiple reactions) where they cannM use conve m 

as a variable. 


P3-10 


This problem reinforces the ccmcepl that al or near e^ilMrn^ *e rate 
must reduce to give the equilibrium conversion (and the concentra 
thaL are derived from thermodynamics. 


P3-11 Sec above, 
P3-12 See above. 
P3-13 See above. 


P3-14. Reinforces the point that the equilibrium conversion will be differ. 1 
flow system and a constant volume batch system. 
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F3-1S. Uses the rate law and stoichiometric table to give practice at expressing 
-r A = /P0. hi Chapter 2 the student saw that once one has ~r A =/(X) a number 
of reaction systems can be designed. 

P3-16. Straight forward problem to set up a stoichiometic table and then substitute 
numbers to calculate various parameters 

P3-17. Alternate to P3-H. 


1’3-ie. This problem to express -r A =/(X) requires thinking and is not particularly 
straight forward. Reinforces the fact that concentration must be known as a 
function ol pressure. Prepares the student for pressure drop problems in 
chapter 4. 


P3-19, Requires the student to go outside of the textbook for information and 
practice life-long learning skills. 

P3-2D. Usually assigned at graduate level in conjunction with Appendices I and J. 

Problems P3'21, P3-22. and P3-23 all involve setting up stoichiometric tables for 
reactions with phase changes. 


CDP3-A 

'rtl \o 

CDP3-B 

CDP3-C 

CDF3-D 


Similar to the honey bee. firefly, and cricket problem where the 
activation energy must be calculated. 

Similar to problem P3-23 

Poinls out that the concentration of B in the gas phase can be a constant. 
Alternative to problem P3-22, 



CDP3-E 


Alternative to problem P3-12, 

Summary 


^signed 

S 

O 

-*lfe.rnal££ 

Difficult v 

o 

X 

A 

FSF 

SF 

r 

7,8,1U2,B,£ 
7,8,11,12,13,E 

SF 

AA 

A(a&b} 

7,11,12,13, E 



Time 


40 

15 

30 

20 

65 

35 

20&2Q 

20 


Solution 

Given 

No 

(b&c) Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
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PM1 

PM 2 

PM 3 

PM 4 

PM 5 

PM 6 

PM7 

P3-18 

PM9 

P3-20 

P3*21 

P3-22 

P3-23 

CDP3-A 

CDP3-lt 

CDP3-C 

CDP3-D 

CDP3^n 


7,8,11,12,13,E 
7,8,11,1 213.E 
7,8,11,12,13,E 
17 
13 


22,C,D 
21,CD 
B 
3 

23 

C^l,22 

7,6,11,12,13 


A ’ Always assigned, AA = Always assign one from the group of alternates, 

O = Oft^n, I - Infrequently, S = Seldom, G = Graduate level 

Atlernflteft , f . h . 

In problems that have a dot in conjunction with A A means that one ol tti 

problems, either the problem with a dot or any one of the alternates at* 
always assigned, 

^ "Approximate time in minutes it would take a 8/B' student to solve tld 
problem. 

Di fficultv , . . 

SF = Straight forward reinforcement of principles (plug and chug) 

FSF = Fairly straight forward (requires some manipulation of equations or a 
intermediate calculation). 

IC = Intermediate calculation required 

M = More difficult 

OE = Some parts open-ended. 

"Note the Tetter problems are found on the CD-ROM. For example A = CDP1-A. 


■£933 

















Chapter 3 


P3'l No solution will be given 


a) Cooking food (effect of temperature), removing a stain with bleach (effect 
of bleach concentration), dissolution of sugar m tea or coffee. 

b) Pans a and b will stay the same while the reaction rales will increase by a 
factor of ten. 


c) Kate law should always be determined from an experimental observtion 

= kC^p the reaction rate is zero-order with respect to NaOH. 


d) 



A —*C (low temp) 
A —(high temp) 
-r A = {k x + ki)C A 


0 Cake will burn on the outside because the cake dough offers a resistance to 
heat transfer so reaction Tempcnirura will be lower In the center of the cake than on 
the outside. 


QJL 

Civcc: 


th it in 

j u £ fire £ 1i*1 isi 

tb* f 

r^&enej o£ 


c h i r p i 

□ E f e 

ri chc si 

it 1 lubfiL Du 

of tnpc : 




A. Ti 

i *r i i t s 




F* CrU^n 




T*C 


21.0 

25.0 

10-0 

T* C 

14.2 

20,3 

rco 

i 

Fli. the 

i/tin . 

9.0 


14-2 

Cb i i p a. 

ao 


200 

T*I 


2 5 4 

256 

303 

PI 

2S7.2 

253-3 

300*1 

1/T*E S 

1000 

3 >401 

E .356 

S .300 

ijpt b ieiooo 

3 ^32 

3.-103 

S-233 


3 -^ 




touted 


* Fltarpri/rrisn 

CMrpVmln 













Rurtritngi Spcrad q! Anls 


■ 0.693147 


2 0 . 69314 ? 

3.4 1.323775 

65 1,871603 


From the graph: 

F = '7.7613 kcal/mok 


c) The activity ofhc£5 L ants, crickets. and fire flics in c rentes with an i 
in temperature, The activation energy of fi reives and crickets is the same 
ants sind bees have a different frequency that is dependent on temperature 


:em P^ lu ; £ ^ *IU for ** one or ir .0 cafl 

“* '™“ ,e ^ [<>re deaai ^*r*lcr«. even J ert/apolalfon o -,ss u5 j 
las&nafee, &l te^Uin UtmfMrtfurtu if could be unless. 


fy*. There art two competing effects ihai bring about the maximum Ln the corrosion race; 
temperature and HCN-H2SD4 complex concencracioiu The corrosion r^e increases with inercis- 
ing temperarore and increasing concentration of the HCN-H2504 cempEex. The temperature in¬ 
creases as we go from the top io bon cm of the column, and consequently the rare of corrosion 
should increase. However, the KCN coneemradon (and the HCM-H2SO4 complex) decreases 
as we go from the top to the bottom cf the column. There h virtually no HCN in the bottom, of 
the column. These two opposing factors r tsuS; in a maximum in the corrosion rate somewhere 
around the middle of the column. 


2_5 

in pq vs irr 


2 - 

T . .7.7fli3i * 2tafM. 


1-5 

n 1 - Ql9«73 


£ ’■ 
^ OS - 

\ t 


Q 1 

\ 


3 

-0-5 

1 a j a 3 0,4 >4 3 

G 

*1 H 

♦ 



1/T(K) TOW 



3-7 




r3-S tonl’d 


B - R 


laUj/tjUT^Tj + 10}) P IsHT^fTj-iOn 




10 ) 


t 10) »E E 
R lb * 


*hitb C4n be tpproiiDi ted by T * ^-ti5_Ll£—Ej 

R la 5 



ClTcu tbff 

f t>L Iot inj 

dim 


t nijT 1 

,001 

Q.CJO 


T* C 

D 

100 

Tb,en 

T*t 

Z7J 

373 


Ep». 3-2 ii i * A ,~ E/llT 

Tie- it Tj - 0»C, y 2 *A," E/aT l 4 iM t: T 2 *■ lOQ'C, k 2 - A.“ E/ * T 2 

Dividim - e " E ' K (i- _ i-j 
1 T J T l 


or 


.*. E > 


H LbO^/J^} E *TT^ 


(1/Tj - 1/T 1 ) (T 2 - T 1 ) 




100‘I 


iftt toQX > * ~' 96<l 


AGJ. 


*‘ A ■ t 1 . +E ' BT 1 -. ID' 3 ltp ( — 


79£Qeil/aoL 


F 3-6 Solution 

For this prcblE^ ip reca.lL that for ^ny reaction 


— t 3 —■ 3 _ 

lain “ " 2.1x10 aid ill 


A + B ■ 


-> C + D 


the rare [aw& a_re related to the stal duo :ne trie coefficients by the 
following equation. 


3 -? 
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— r * _ 

a b t; d 


-r^CVC* vrtim fc.“ 12 - S (^K^ 
r c »;K)“|[^ C * lC *) 

r c = k c C A *C, *here k c - 05(i) 

(b> -r.=VO = XW,] 

0. 

-r B =^C*C s where k.=^o(^^J 
r cB -K)“2[^C A C,) 

a 

rc^cAC. ^hrre k c =50,o|^^] 

r .=iW=3[4 C '*^l 


td 


<d) 


-r, 4 (-r.) 4 ^C.'C.) 


-r h = k.C/C, . where V 


.••'»©)'(=) 


r,«-(-0-t*A.* c .) 


3 -^ 
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r r & where k c = Z5,C ^_L ) 

r "=7(-rJ = f(t.C.'C,) 

r c = kpC A -C p where k D - 37.5 l^^yj 


GiTttu 


^Hccloni if 4 

or 


tii* rtict £ on CH 

A 

_Ir CB 
b^ —— 


4 


+ 3/2 O z 
■- 2/3 


-> ECQQU + H^O 

r o ; * E Ecooa ” r a 2 ° 



£. 


£23 


a) 


\ 

! - ': ' 

fiL. 

$U 

- 




o 

/ \ H,SOj 

CHt - CHj + H£> 

A + B 

“* “ * ^ ‘’ ta * “"= «»WHom«ric QU = w-Jlbcthc 


Spccir.t 

0 

SvTTitXll 

Initial 

Chanf't 

Bemain 

/ \ 

CH, - CH, 

A 

Cao “ 1 lb Eiai/fr 3 

-CaoX 

c A = i a-x) 

h 2 o 

B 

Cao - 3.47 lb 

’ C A oX 

C B = (3.47-X) 

0 


0E = 3,47 


/ \ 

CH a - OH 

C 

0 

+ C A oX 

f? 

II 

X 
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CiHs —^ CiFL* + Hj 


A —> B + C 

Species Svmbol EDttriDS 

CiH{ A Fad 

C 2 H 4 B 0 

Hi C 0 

Fro = FaO 


CbaJigg 

-FaoX 

+F a oX 

+FaoX 


Gas Phase, constant temperature, and no pressure dnsp. 

v «= ■0 o (1+eX) 

£ - y A0 5 * U1 + l - 1) 

l) = Vo (1 +3Q 

r Fjl Fao( 1 -X)_ c [F-X}. 

Ca ‘ « -55TW CA °(Tix> 

r* r Bb _ FAO.X__j» X._ 

Cb_Cc u iajlSi} " 

. ? 0 {H6aro) 

^A& “ YaO C“|"0 “ Y n-r ADT ffl l 

K.io .jjglffi.- ml, L00°K 
Vr mel 


L&aaiis 

Fa - Faq Ci-X) 
Ffl >= FaO X 
Fc =F a0 X 

Ft -FadO+X) 


= 0.067 1211111 = 0 067^- 



Vl' 



P3-7 coat’d 

Gas Phase, Isothermal and no pressure drop. 
If 

* .2_^-I 


1+0, 1 + 0.5 


£ = y^S = 0.67(1 ---!) = -0.34 


- XwCVfr ~ y<w ~ ^.&7- 


0.0S2u^nJt7? } 


533A") 


C M =0.09i~- 

flm 

^ _ W-X) . „ ( 1 -A')_ ( 0 . 092 X 1 -*) 

A ~ ~ — “ ““ “ L in — — 1 -—-- 


V ^(l + £A) 


l + £*’ 


f^ 1 t I 

6 >~— 0.092(i--*} 

r -r l 2 /_ 2 2 

L Jf r — -— 

l+£X 1-0.15X 

^C At X _ 0.092 X 


1-0.34* 

0.046(1 -X) 
1-0.34* 


I + £* f - 0.34* 


An inert, Nitrogtn would be added to the stoichiometry table 


Symbol 



V |‘' 1 ! 

? *' 

: ® 

1 'hjnt 


EnteringI Change I Leavme 


_Faq _I -FaqX Fao^-FWI-- 


Fbo= B a _| -1/2 FaqX F b = F^Gb-X/2} 


F|^eiF At) I -— Fi^FaqO, 


o_I FaqX 1 Fc - FaiuX 


Gas Phase, Isothermal, and no pressure drop 


— F, 


z-\>- 


OjlS cant’d 



y ,» — ——- —- L. -*-—-= 0-30 

F ro 1 + 8, + e , I + 0.5 + 1,88 


The inert Nitrogen wouid also change the vaJues of and c. 


F3-9 a) A+B-► C 

Mole Balance for a CSTR: 

F ACr F A = < A V 
FtterFa B -ffcV 
FeerFe = " r cV 
Rate Law; 

c kC A C B 
Stoichiometry; 

-r A = <&- re 

Combine with Eq 3-40 and 3^3: Liquid phase 






P3-9 coa| T d 


(b) A^3->C 
Mole balance for i FFR: 
etF 

~dv^^ rjt 

dv * 

S.-r e 

dV c 

RiLe Llw; 

-r A =4rC*C 5 

Stoichiometry: 

■r,i= ^r, st r G 

Combine v^ith Eq. 3-*0 and 3^8: 


dV 

dF c 

dv 


r^y 

T ^ 1 

f. i 

UJ 

+ Ft + F } 


r o : 

Y * 1 

r ^ y 

L U . J 




=-/£*-] f——^—- X F> —-1 


Tbk 5t« of difTcreruiil equations can be waived using POLYMATH or a similar software package. 

tc> A— > B-i-C (gas phase rc*ctionJ 
MdIg BaJancc for a FFR 


rfV 

—- = -r* 

cfV ' 

efF- 

— - -r c 
rfV c 

Ram Law; 

r * = 

Stoichiometry: 

- r e - r c 

Combine with Eq r 3—*0 £nd 3-^5' 


^ t. jv. r ^ 



P3-9 cont'd 


df p _ 

Jk ^ Tt \ 

' f a 

dV 

RT r \ 

,E+E. + E 

dF c _ 


f E 

rfV " 

RT r 

Ua + F i + F c 


This so of difTeftnniJ equations tin 


ba solved using POLYMATH or »similar software pse^. 


(d) A+—S—*C (gis phase rMcrion} 

Mole balance for a FFR; 
dF A _ r 

dv r * 

dF. 

dv ~ '‘ 

dF^ _ 
rfV r<r 

Ralfl Law: 

•U-tCuC*" 

Sioschiomtsjy; 

-r A h -2 li ■ r c 

Combine wndi Bq. 3 ^ 40 - irid . 




& VC_El 


+ F c X F a + F f + F ( 




F, + F P + F c A F a + F t + F c 


-felt 


This set of difTeicnlial equations can 


►Fi + ^cA^ * F * + F c) 

be solved using POLYMATH or i similar software package. 





F3-10. 


At high. tcmpcruiurtS 
A Z± B 


At equilibrium* we know from Lbermraynajrucs 

Kc-p^ 


(PS 39,1) 


Consequently, wc know that the rate law most reduced to Equation (PS 3 * 9 , 1 ) when -r A = 0 


Therefore 

T." 





(PS39.2) 


At equilibrium -r A - 0 and equation {PS 3-9.2) becomes upon rumnEmenc 



Kc 


£at 


b\ A + 2.B —> 2D 


At low E c r b. t tl r g 4 rt acitan i j i r tW aril bio a. □ d the Z E o ± i.% 1 

-h - ‘ O' 2 c. 


-* * v r 1/2 r 

A e«.rd 1 A » ' J 

-* A - C K in C Q - t 2 Cjj 


V 


fctc rie 


" *2 C D 



e) 


A + B —> C + D 



temperatures 


■t* = 


kpA? 


4-DL 


1 + K A P A + Ka Pb 


3‘(i 


E&Jilctmt’d 


High teropnacurts 


'fA = 


kfPAPs-^^ 

1 Kp ■ 

l + ^A + K3 Pb 


P3-U 2A + 9B ■* 2C + 4D + 4E 


Specid 

Symbol 

Initial 

Mold 

Change in 
Mo'ti 

Final MqScs 

Co neen u aiiofl 

Nipth^lint 

A. 

Eio 

-FwX 


PxoH-xl P To ' 

Oxygen 

5 

G>Fio 

-9/ZFaaX 

F»(ti*0J2XJ 

vao u + OO Po T 

PliihaJic Anhydride 

C 

0 

FioX 

FmX 

ViO (l + eX) Po T 

FaqX p t 9 

Cirbon Dioxide 

D 

0 

2F *d X 

IFxoX 

vio ( 1 + tX) Po T 
_EJa 

Waitr 

E 

D 

2F*o X 

2F*oX 

V10 (1 + CX> FoT 

2£asJS_ ZJs. 

*ao<l + cX^PoT 



F T .=Fao{l- 

•w 

Fr=Fic<l*e p .jxj 



S = *I/2 y*jp £= 0.035 


&ii = 20.3/3.5 = 5.S e - y A0 *S - 0.035 M/2 = -0.0175 


v *.= fv.rt/p. 


C*o = -035 *.24 mo! / L = ,DQS4 mo) l L 


C Tl =Po / R7 ■ 10 atm / (.0S2M CL- itm / mo! K) * 500K) 
- -24 mol / L 


a) 


( 1 ) 


Pi-e.RTs CiO f&, - 9 h1X > RT 
(1 ^iX) 

= 0-345 *£5.! ■ 9HX) /(1-C.0175X) 


Fjp = C o R T = X R T 
(1 +■ eX) 

-Q.6S9 ■ X/ (1-0.Q175X) 


C21 C ( ! Cjipita.i^SS2 

[f * cx) 

= 0.0054 fS % . 

(1 - 0.0l75Xj 

t3> v = y A ,{UeX) =Fw(l+e»K!+«3^ RT/P. 


C* - Cao M - >0 
a + tX) 

= 0.0034 q . y> 
a - 0 .O 175 X) 


i'\y 


p3-11 coat'd 


b) 

u> 


F p = C ( B. T = CiofyfrZX) PRT_ 
(1+cX) P 0 


F, = Co RT = 2 Cs3X___PAI 
(1+eX) P 0 


m 

C. - Cto f9j ■ 9^3 X) P 

C*= Caa fl - X) P _ 

(1 + OQ P 0 

U + tX) P 0 

(3) 

v^v^fl+cX) Pp/P 


e> 

^-kpCA 1 C. 



from p*rt ■ P3 

-f A -k,’C«Vi -y> ? * ^5-B - 9/2X) 

([ + t?0 J 

d) 

frofn pin b 

-r* » It! C A S c. 

-r* 3 fci * c» 3 n-m-' ».s ^220. 0»a) ; 
(i + cxy 


from pan i 

_r A-k, ■Cao'n.Xi 1 * 

(i + cX) J 


from pan b 

* r * = k,' gw* fl - y) 1 ■ ■ 9/zyi (F/Po) : 


By twins P 1 ^ Lriitcad of air, the coftecfitrAtion of the reactant ire higher ud the reaction 

r*rc ii therefore futer n 


O No inswef will be givtn 


tiii 

“j 




lujUt pdL* 

e h In | 4 

C- a 11 * T min 

"2 

□ pJ 

-0 . 51 

oJil-i) 

*1 6 

0*5 

-EJ. SI 

3 

O.tll-Ull} 



-27 3 ( 0 h 1I) 

i/j i 

T&ciL T 

1.0 

-1/JX 

1-1/31 


% - !«** >ti - 1-727 *C - 2600 C 1 - Q.jO 


T-lft 
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i nx i c [ r4Mti:rspl5 md Ldiil fim 

c * c 1 F T B j.a & r ;j :-i \ o_,,sr1 1 - 1 )_ 

ff 2 " AQ !- 1/3X F d T * T fl 1-3J3I " ST 1-1/31 

c ^ **0% fl-n - _ (O.SMli.* »1 tl-0 .SI 

ff a HT U-1M 1? °' 5 “{lOOCtt il - 1/3 



£ 0 .03 


Ut*jc 


> (a,*) 


u .cu jwii/i 



imu r 
0,J£l-I) B 1 


u/3i rp.fi 

0.3(l-0 + M 


to.cuJ 


c .&;j 


Jtiil 

i 


e) It t|E i til tun Bf Clkulitlpa, Eh* Q Si i ■ L c i L ■ lio-a 

st^cittin ii 


Jn a - h 2 -> aw, 

T^l ■ PQtUt >ul i i of Hj lignld E * Si b * 0 k 311-1X1 * 3 L * ty p f f-c! ■ »l eflflVifiiflfl G £ ^ ^ 

■»oaJ.ii Ttrld ■ Qi|4 (hi 4iuitir of cj gf S „ capiai rbiCb Li P&< JOllltl*' 

i» t^n* lb* 1 ipj, c id i in I-at j. 4 4 th* tDBViriiOl &t fL ppiiitL* wauld 

bfc 0.3 3,. |i^i 6| iu culit cighL.. t et Hi# i of Hj iqail U &*co* 


F3-I3- 

4WH^ + J0 2 — > AHO + 

Y m M °- 15 P-5,2 *tca T - 227 *c - 500): 

3,0 

*? AjfDnids idaml |ii Itv 


to 


V 


P 

RT 


■ B * a lla 


0 -0&2 la *V{5CCE} 


0,2 x«oI/l 


b) 


"NS _ “ ^To m CO*153tO*l je^L/l) * 0.03 tsol/I 

3 d 0 3 1 0 


c) ra 3 + j Oj —> NO + r EjO 


*-11 



PiiLlcont'ci 


^oapomid 

S ^TBtD 1 

Initial 


Fio<l 


A 

O.IJ 

"0.15* 

0.1JQ-I) 


& 

0. IB 

- fso.isi) 

0. IS- KO.iJIl 

TO 

c 

0 

•0.1SX 

4 

0,131 


D 

0 

♦ jta.isxj 

* ^O.lSI) 

N. 

2 

l 

0,-57 

0 

0.67 

Tbul 

X 

XJ30 

* IMCO.lJxT 

1 * 1/4(0*13 iT" 

I n i r i a I 

** - 0 

,7^(1-0. 15 ) 

- O.TJtO.Hj) - 

0*67 


loitiiil Oj - 0.BS-0.S7-0.U 


1} p i - ^ p - a.! atn tr - ^ , 

^ l+tO.U/4]! ' 


C - —3 

i V 


. B■* ■tf 


** lr0.ij/ 4 i~ i 4t _ ;-' 


" 0.2 *=*t t 


1 1 *■ D*13M I 


P£ tItD} 




U3 


1-1 


0 . D1 -■ 

3 H-L0-1J/41I 


l + Cfi 

8 ••»-*“>■»» ^iOiUn. » .« - ^1,m . ^„ 

c 0.15X . 1.23 


1 + 


0.15 


0.03 


0 ^ 1 +^; 


D 


*'** HB.H/tU 

I] 

1 

O.fT 

s 4f - ■ 1_ 

L+C0.1 .J/4U 

0.1,11/Ii^i 1) 
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1.1! 3 .11 < JMHQ 

l+u .IJMJl 




TOT * 


l+<0.14/4)1 


1.3 


t - t xi 

* 4 


31 


C L ' *1 

p i “ ■ *■* ^ 



i \ 

C i 

>1 


a o.XIU-XJ 

0,*J U'l) 

L.1J 11-13 


■ O.n “ j tD.UIl 

O . 0 » -Zp-x 

1*2(0.11 * j ( D. 1JX ? 


C 0.1J I 

0.03 % 

i.u i 


& j tO.UXJ 

0.0*3 X 

l.tJ 1 


I «M7 

o.ni 




0.1** + 0.0011 

1.1 - e.U3 £ 



.0.1 ci- ***■ 

u 


W * *-»- 1 

1 u 


J) 

3 -em, ■ it til 



d> 

4A+5B->*C+fiD 




Mo3o baiaiKc for & PH^ 


&A - 

dV 

dF, _ 

rfV 

dF^ = 
</V 

^Fp _ 

JV 


r A 

^1 

'C 


Rale Law<assume ftlctncctaj^): 

-r^kC^C,' 


VS* 



EiJj?.cont*d 

Combine wiLh equaiion !M0 and 3r-i3 



— !■ 

rjst 

T F * ) 

Y * t 

rfv 

— & 

^-J 

^ ^4 + + F C j 



rfV 4 


P- M 

v—'* 


_tp_ 

ftr' 


Vr 




+ F. 


^ jtf^Tr_£_it_a 1 1 

i = 4 kff. ^ T_ s. .T 

^ ^oJ^^+f. + fV ^r. + F^+^J 


Solution 

Thermodynamics predicts the reacting spedes in a reversible 
reaction are related by the equation given below. 



Stoichiome try: 

Constant Volume Batch: 

C A =^^ = C At (l~X) and C^=HL^,2C*X 
Plug Row Reactor (FFR): 

c - ULzlQ. -r (I ~ X) tad c 2F ^ X = 2C ^ X 
* u,[l + eX) *“ (1 + eX) ‘ B u.O + eX) (1 + eX) 
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Combine and Rearrange: 
Constant Volume Batch: 



The equations above were solved using POLYMATH, The 
equations in POLYMATH notation are shown below. 

f (xcf) = xef ~((kc *£l — x=f)*(l + eps“xef))/(4.*cao)]“"0.5 
f(jseb) = xeb—lkc * (1 — xcb)/(4 "cao)) pp 0-5 
kc = 0.1 

p0-2 

lO = 3-40 

cao = (yi0*p0)/(iQ *0.082) 

eps = yaO 

yI0ssl-ya0 

yaO = (number between 0 and LO) 
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Equilibrium Conversion *s'a 
Function of Entering Inert MoE-fl 


Fraction 



M Batch 
• PFR 


SiS!l C “ nVCni r “ h ' ,£h " in **“ b «™“ numbe ' Of: n»l« or (as increa^ during a 

Influence Uie^cm*' V0 Urnc * S ' nCt ba,ch ll vo,ume - change ip rwVw of gas does not 

equilibrium of Biii iLijfi consiipi FRt uid consiam volume batch woutd achieve tame 

kthieve hi.k If number of male* of gat decreased, consam volume bitch would 

lev# higher equibbrium conversion, 


Sim 


B-is 


Hj + Br; -> 2 HBr ( Givtn that yn: = 0 , 25 . y Br2 = 0.25 
Y, = 0 . 50 , P 0 = 10 atm, T a = 400 °C = (400 + 273 )K = 673 K 
The kinetic expression for this reaction is 

i 

from equation 3-18 of the text 


T >1» r — 


k t C H> C e , t i 

t, + £*Z- 


5 = 2 ~i-i =o 

£ _ p* 
WLy 


■^j 


A £ = yvjS = 0 ajid v = Vof[IVF] 

(aJi quantities known) 



■3-s^y- 



EUScocuM 




N. 


^w..0 i'Wt.B 


= i 0HBR =0 


c A '"'° fl v). C »i< H-y> 


V 

>W. D^6 


c„ = 

*■ /?r ( 


(i-X) 


_ _ ^ * ~ ^ ) = > H ; .a /j _ ^ \ 

* l “ v RT, 

C„, -iSi.(S J+ 2X)=ii^-C2X) 

V 1 /Vi a 

Substituting expression for Chi, Cb^. Cuh& into eqn. 3-IB 

i 

f \ 

,25 ■ \Qa&n 


(yn. /iV/ t ,,4 


r .2 

^Wir 


TT 0 


0-x> 


+ 


2X 

l-X 


,^_A 


0.0S2 S Ic.'th 
molK 


*673a: 


C-Jf)s 


*1 + 


2X 
1 - X 


J Nfi? 


Q.0097t,(l-X^(w<ifg/t> 

t, + 2X/(l-A) _ 


Cb) Civta: C^CHlCH^) < __ CgHg + C 3 H fi - denote i7=baIlifl*Uy ** 


c < _ B +■ p with y^ 0 


T> 

C 6 H 5 + C 3 H fi 

.75 

7 tfC - *25 


-,* r 


‘ c ' 1 * *c s c * ? b 'a 


H-ia . 3 k 15 of text . 





EiASconfd 


C*) Couitlist VqL ixao tlflo nsst p n e) 

c c “ c co 1 * c_ ■ C rn I 


p c ” c c ET “ c co RT a ~ 1} 

P B - C B BT - C C0 ET 1 ‘ P P 

/ K ___ K J 

f l + KcCnRT^-Xy+K'CnRTX 

C C0 RT 1 2 

1((c co rt)[(i-xj -—^-] 

" 1 * c co Rr * S 13 

Cattiidnr tit flip ia whUh both P lad T irt T»r 7 int 




' “ r C,D 6 


.75 6 p - 9 C - 0 


from E^ n . S3-7 


Fconi 53-9 


^CQ ^ 1 ^ 


c co 1 


c “ tP /PKT/T >U*.75XJ ; C B “ C ? " (P /PHT/T )[l+.7JXi 


Firom E^u. 3,30 


c C0 » T ti-si 


p - c RT - LU _ 

C c < p /PJ CT/T 5U+.7JI] 

w □ 


fox B- F 


t ^-V u . J ,x . , 

P U 1*.751] J 

O 


c m C..3T n ? _ 

P D — C HT — ' -- f . CO ^ . r ^ . 

B CP o /PHT/X o U 1+,75I3 U l+.75ir 


C C0 RT 1 


c co R V\ 


^ *. c> p T _.. r U * -_i n 

P pl {P /PKT/XJtl+.7JIJ “ [ ' “? ' ' ]L 1+.751] 


V-W. 




P3-15 coat’d 

Substitution of above expression* for F,.. P fl , end P p iota m ( 

.1 


It, [ 


c o R V 


, C..RI P 

1 L P (1 , .IB) 1 « 1 - 1 ’ - * [-—r*- 11 ! , *75 I » 


C rn :iT P 

1 + \ 


-———j * •- n 

1 + .75 TJ L P u 


C CO aT o ? 


i + ,t s r 


& <J 

Tb* ilo»o Dipr«nicn cm bs amplified farther by oocln^ that 

C RT 

P ~ " 7 C.O P o * C 0 Rt o i,s * >C,0 * 


CO 


-r r = 


KM 6. 


E + 0.75 A" 




1 + ) + ) 


i 1 +0.75A' j 

2A + AE —> 1C 


A + 2B -*-> C 

* " *AQ b *° ‘ 5 tl-i-21-0.5(-21—1 


""A “ tC A C E 

V. L H/RT - J J j 

* Ao “4 cja / ££iOl a i c 


\ 


A - 4 --4*^- er p (-IjL,lpO eiljfnaol -- 

S»ol (tin H 1.937 sal/ gsol °K (7Z7*-273)I 


A » 4 


■da 1 


IjdoI sin 


(im.97l - 7.50110 


3 ^x" 


[2ld 1 a in 


If wa neglect preismre drgp 
P 0 , T 

v “ V o T“ (iHl ' el> T~ " v „ tl-t-eS) - v tl-I) 
® T 0 0 c 


■%-07 



F3-16 cont*d 




StoicliicHictric 

Tab 1 e 



A \o 

-^Acr 

F A0 tJ ~* J 

11 r rp“ F A0 

c -*— 

-ZF X 

r^S* 

r b 

■r * 1 

r t1-211 
f AO* 

U ZF 

AD 

-2F I 

_ ^ao a 

2? 

AO 11 " 1 ’ 

*> it Jt«0.25* 

(1-IJi* 2,5 

dzn S 

tQ .75} 


—r A ™ it entrance to cbs reactor 


r A - ^AO^O " ^ 


AO 


*A 0 P 0 


fl » 5 ( 3 O eJ^dO 


— „ _ _,_iitvwy c l nr j_ __ H A „ _ A “J „ i _ 

/p PT “ r ,-r, r . , “' T"j ““ - 6.09x10 lool/i. 

Tl *P .OPaT-; r Ci I/|eaI e E C1QQ0)E 


~x - 4 d ^— - _ _ * " “ t2 

* £mpl min ‘ 6 

d a 


(S.09IJ0 -1 } 2 Jte= °^ - 1,49x1,0 2 i " Q ^ 


. 3 • 
m 


q) -] 


A - » * ”7 


V H tF A 0 (1 “ 15 


v^U-D 7 


*r - tc’ & =S 1 
A *^A 0 < 1 -I] 

.3 


rlH J 


JEngl Bin 


Ci . 0JllD -iji i^xi=oai 


dm 


& U-0-.4J 


~* A - 4 .s 3 iirj" J t a t JLi- 


min 


4> C AO " iwvl/l 


F x ft U-ll 


*1 C . -A _ AQ l ^ 
1 * " v (i~: 


v (!-!>■ - C A 0 - S.CJiiO * tmol/i 


» i- - A.“ E ^ . 7. 


$ 0 sl 0 * 


I■ oJ. nil 


f -ti.300 gllZlltl_: 

J '•I.SST li-50 I 


k - 4 ?*fi 


da* 


**© L 


V 3-8 



E&lM cant’d 


From IquitLlor -- C^, ‘Ji* c«ci«f*ti»a “t A 1ft th« 

I - p h lit (I if m ! £ ad * t £ E 1 * ■ ■. ji. p lquiEiqE . faZ i ■■ c b iftl* e -T ^ F ■ * & E *d . 0 3 * ^ 1 * 0 ■ 

1 ■ ■ cpBinur.fi (n predict £} * k*ac* coilai esnitmt. ^*® 

til* r**ceVpFi hi 1 niitn^i □ * JuuX JuLi Una id. bo**vir* tin immI 

tK1 I ■ i* IU r * tDilia^illT 4iciMii*- 


E2JZi 


Sdlulipn 

til liquid p^i reicdon —> 
Fute Liv* keva^ibk rticdan^ 



ajjUIRC 


StoithiOffletry. 


cerJtaru vtalitmi 


c*« c^a-xv c, ■* c„a “X% q - C.x 

Tt> find the equilibrium conversion, sci -r* - 0. combine stoichiometry and rule the rait- 
law, and soke for X,, 

C*C»K c “ 


CJtl-X.VKj-C^X. 


x.-o.sa 

Ts Pnd the BtutLkMiACBMCflntioa. wfcaiM. fc* equUSViua *“* ** 

noJehiomcuie rtluioW. 

Ci«C*i{l-X) »I not Jdai 1 tl*-W) m * Cftl/tu’ 

Cb»C«((-30 -1 ool W (l-.JCl- no! f da* 

Cj • C*0 X - 1 owl.' to 1 ■ (-331 • t.SO =xi 


b) 


Stciduosietry: 

c^y^-Mp-lW «ui fl e ™ 0 


■5.-5-1 



P3-17 coat’d 


C C1-JQ 

* v v.a+ew “( 1 + 1 x 3 

,c ■ 3X 

v v.{i*iXi **(1 + 1 X 3 

Combine {ind solve fcr X*}: 




(i-x.) 

(1 + IX.J 


[1 


2 ^_T 

*®SJJ 


K e (l‘-X,Xl+lX t ) , -27CjX i 3 


X, b 0-38 

Find equilibrium concenmtionj: 

P. _ (10«m) 




4*I*Q 


, ml 


m • 

*) 


-71 ' 

C » J 

'V ^n&- 


c*. - ;-- , —r--a30j— 

RT - 4,1 

<^.212X2^2.o. 2 «^4 

^ (1 + 2(0.56)) dm J 


lime reaction, rate U^. and LtulUI concentraricm c part (b> f»i phaie, bitch rcKdon 
SiaSchioEifitcryt 

C^N./Vs (l - X) / V 0 = Cj* [1 *X) 

C c =H c /V=3N a& X;V 0 = 3C / *X 
Combine And Solve for Xe: 

KcC AO ri - Xe) = (3C*. 0 X=) J 


P3-17 copt’d 


Find the equilibrium cojiceacraticoj: 

= (0305>U - 0,39) - 0.19 
Q^*tCC305)(;039)a0J6 

d) phase reacucji in a con sum pressure, bath reactor 

Rile law {reversible reaction): 

-r*-k£C* CcXj 
Stoichiometry: 

£ E 5 - (I )0- 0 = 2 *j\d 0 £ - 0 

C*.= N a / V it N*. c I * X) / {Vo fl + eX}]= a - X) / ci + 2X) 

Cc° >'c/ v = 3N*JC/{V 0 ci + eX)] = C*.3X/(1 + 2X) 

Combine and solve for Xe: 

KcC^Cl *Xc)/n 4 2Xe) = [C^3Xt/(l +ZXc)]’ 

Xe n ,58 

Find equilibrium concentrations: 

C A = 0JQ5 (1 - 0,58) / u ♦ = 0.039 mol /dm 1 

C, =3 (0.305) (0jSS)/( 1 + 2(0-51)) = 0.246 noWdn 1 

(Solutions by I,X Sinum. Jr.) 

F>18 Given: Gas phase A + B C in a Batch reactor fined with ft piston such 

that 

V = 0,1 F 0 ; k= 1.0 (ft^/lbrnolc 1 see 
-r*, = kC* J C B Na.o = Nm «*£ 

V & = 0.15 ft 1 T = 140”C = fiOCTR = Constant 

(*) y*©= (Nad + N*o) = 0-5 5 = 8 -1 -1 = 6 t = y^o 6 = 3 

Now V=V o P Q /p{T/T 0 >tl + cX5 T2T 0 »t S>=10Y 

therefore V= lOVoVlOVCl + EX) cr V*=V a *{I + tX] P 0 *lOV 0 

V»\ 



Ca^IficoDt’d 


N* s - XI =■ [&i -X] $H= Nio / I^aq = LQ 


therefore 


T* * k c ** C, = k N ft ‘ Nj, / V 5 * k »«* U - XJ 1 / fv 0 3 1 + ty^Y, Nao * Cy^P^T} v„ 

therefore 



RT 


0-yy 


-U* 1.0 (ft 1 ) 1 / ([llbmoltj’icel 10.73 / (.730 Urn ft’/lbmol *» ■ 60CTRJ1 3 fl OO 1 

{1 * 3X) m 

-Fa” 3.03 * 10’* f t • X? Jbmol / ft 5 im. 

(1+3X5^ 

(b) V= V e {l -t.sXJt/2 

5BQ.1MI+3X)" 5 X = .259 

-T A e a.63 * 10 iO Ibmol/f(***!C 


iti2 


There will be no solution given. 


1 - 7 3 * C 

^4 V *PQ 


There will be no solution given, 

* Ci. * CH “> CCI, + 4HC\ 

2 4 + 

* HS E P " 95& fcPi 

r pr< s-si^r e = 95 “ 0*94 a tn " Py 


3.39 its 





F. F. F. 

C i *" w v tl+iX) * 

0 O 

So w-o o*. a n\t tb o Jtoi?llicffictcU tt-blap inbiE.ittiti'El ^ * £oe F 


1 _ F i - e t 

A F A0 {1 - X> C A0 {l - lf 

B « A0 U-X> «„(«) 


c 

D 


4F ao * 


5ml 1 - 


5 F 


AO 


4C *o 1 

‘m. 1 


5 C 


AO 


vhore « O.06 5S %molfX tad jtnol/s 


After ccLdc-3a^TLL-CJl 


v 


- v 

& 



AO 


3 F 


AO 


{«) 

t□* 90) 


3-X 
% 4,5 


c: 

i 




( * *Sl 
C5-XJ 


Hotot 1 *■ 0*5 {b fiftinniDi of 

dDndecLiiCLQl) C . * C* 

i i 


h _ S 


A 

5FaetFadX 

CW1-XK4,5V(5-X) 

B 

FapIS-JO 

4C A0 (l-X){4.5yC5-X) 

C 

4F aC X 

4C AS X(4.5y(5~X) 

D 

HlF Ae f5-XyO-9 

CAD{5*X)(4.5y(5-Xy9=0,5CAo 

Total 

F^X)+F AO [5-XV9 

— Cad(5-JO-/40.S 


AQ " 


AO 


ibecD F 


0,02631 iaol/S isd C 


G.CS55 !=ol/l 



P3-2] [ coated 


'DE 


950 


- 0.10 


Stoiet T.blo CB 4 * *Clj —) *SCi * CC\ 4 
Anuwe itaicb ioac trie f«*d F, 


*c itt 

Symbol 

Itt 

Ch m 1 0 

B a f 0 r o CocdiatiMtioa 

Pp < P v r d-te fe- in ia | 

Aft ft OandiQiitiom 
F- - P^, s^miittini 

Cfl 4 

A 

F Ao 

^ab 1 

f a - y Ao a - IJ 

F ao U-X) 

Cl 2 

B 

4F ao 

'^AO 1 

f b - 4f ao u-x> 

4F ao C i -*> 

hci 4 

C 

0 

♦^AO 1 

F C - < F A0* 

^A* 1 

CCI 4 

D(|3 

0 

^AO 1 

F P ” ^AO 1 

0.10F t 


OCU 

0 

“ 

— 

— 


F X0 - 

jF aq 


f t - 3 f ao 

F T^ F AO- F AO^°- 10F T 


n 


en cotulrjQSi 11 on first be tin s « 7 ' 

p. ^ r T 


f ao “-*> 

0 P 9Q 


5 F 


S-l) 


AO AO 0 . JO 


i c » O h JQ 


■^larn ^rvnimT.iT fin. 

* ■ *ao 5 6 - 0 -> * - o 

* 0 * To til coic^atmUt it 

P 


C K r- M _a 

T C Tq rt 


9.39 ito 


0.329 




o 0.0S2O5 * t *. 1 i l i 34$ X lis 


I&Ol £ 


0.329 


^AO ^ 5 * 5 i = oI/l, - 0.06JB saal/1 

F AD “ C A0 v - tO.O&iB) |» 1 /L t 0 . 4 ) 1/3 ~ 0.02611 *ael/t 



Y-&21 C ; a 4 t t ) - — > C 2 H,jE=, U.l> * 1!lBc< * 1 

T * ZOO fl X ■* 473 l F * -iOCi EPi - 2*." 

F 


p v. W ^” i0 *‘ J *** 


DE 


, 5 

isoo 


0,203 


CjUjtjJ * I B r j ( 1 1 — > 1 OTtU> * C l B 4 Br l ( *' l) 
ixiume iLaK^iocirirm ^ e rJ 


Species 

Symbol 

In 

Change 

F, before 
condensation Fr> 

< Pv ttmaimtiR 

F, AAcr condensation Pp = 
Pv remaining 

CjH« 

~ 

Fao 

-FaoX 

F a = F a0 (I-X) 

FasU-X) 

Brj 

B 

2F a(j 

■2F a0 X 

Fp = 2 Fao(1'X) 

2F^(1-X 

HBr 

C 

0 

2F*»X 

F c = 2F a& X 

2F At> X 

CjKqBfj 

D(g) 

0 

FaoX 

Fp = F^oX 

0.203F’ t 


DU) 

0 

* 

- 

- 



Ftp = 3F*o 

F t = 3F*> 

F’ t = JF A (j- F aoX+C) . 203 F’t 


r h 5 - cnflitBLiiELoo first beiiia F ^ ■ F ^ 


V*-** 

a ,791 


3 F 


AO 


0.791 


-> i c - o.io? 


Before cpr r Af tiitlca 

E " W 6 “ D —> 6 - C 

iT * iF - D Sc CO'i-I EQiCcarntioa * * cn^ita^c 


r „ c m 3 l , - £ . !* . ■ 7 a . ' -5-0.$73 S =0l/1 

T Ts RT 0 O.D3203 ,rt l ‘‘ * 473 C 

jaCl £ 

c * 0 • i *1. ■ ^v 3 - ■■“ 1 ' 1 ■ °- 112 ■” 1 ' 1 


P3-22 cont'd 




SB’: 



i 

h 

Ct 

A 

Faw-x) 

C ajo< l -X) (2.39 V(3 -X) 

B 

2Fao(1-X> 

2C«jC1-X)(2.39V{3-X) 

C 

2FaoX 

2C^(XK239y(3-X) 

13 

F^3-X)/3.93 

C a ®(£}.609) 

Total 

F*rf3-X)/l>.7S>7 












>. 



Wm 


F 


AO " 0 

■ 10- fi saol/i and 

C A0 " 

0.112 (aol/l 


1 

** 

\ 

r c 

’d 

r. 

e * 


t*+i/. 

tuh/l 

|P-»1 2 i 

fl*#t >* 4 

jBil/f 

|h|/ L 

I X 




V 

1F «1 



ft.1ft* 

ft.Hi 

ft 

ft 

ft.Ill 

Mil 

&rl 

ft .flu 

fl.no 

b, Mi 

ft .01 1 

ft.JU 

tt.STft 

n.4 

4.044 

ft, lit 

a. ftti 

O.ftU 

ft + J LI 

a.iiT 

a . to* 

a „&4 l 

ft. on 

ft.lit 

ft.flil 

o.31t 

ft.ftll 

\ 

^IWI 

i-u 

**** 

j; 

^ j .n 

, [1-^ 

_ ti-vr*/’* 1 

4* li-lLl 

a,io* 

ft .041 

ft.ftii 

ft.131 

n»4fj 

ft,111 

ft.au 

ft.* 

o r aa i 

ft r EH3 

O.tTft 

fl.aji 

a. ItS 

a ,41 i 

l.n 

D 

ft 

ft.Ill 

ft . fl J 4 

ft. 144 

ft 


IHl/t 

luE/I 

ft 

i*»Ly k. 



c w J 

ft. 41* 

4 

ft 

o-m 

ft.on 

ft .54 J 

ft .1 144 

ft. [tft 

G . ftlj 

ft.m 

ft + m 

ft. 1^1 

L“l! 13. 

IKl 

it 

JLft fJ-E> 


4. Iff 

ft + U| 

G.iij 

O-ftTI 

ft. J LI 

ft. iw 

a 

MM 

ft.4« 


0 i 


EiOlcotit’d 


F,. - Z. n v =• t0.212> (0.5> 1/* " a * 106 iao1 '* 

n-Q AU o 


"AO 


F r 


C, - — 

i- v 


v U+*I] 

c? 


L 

r 

o 


So .. o.. fi«,< ... .t.ickLn.ul. Mbl.. ..b.tlt.tl.s C, C f. 


A 

E 

C 

D 


F, 


TatmL 


W 1 - 11 

2F AO tl-S) 

2F ao * 
f ao 1 - 


3 F 


1C A0 U-I) 


2C ao * 


AO 


3 C 


AO 


There F a() - 0*106 g*Dl/» C AD “ °- 211 tBDl/ * 

jyl_m CQ ^FlMItiBa 

V F AQ CS-IL - - r 

v - v e -p- v c 3F, n 0.797 * 2-3* 

to AU 


C H 

1 



F i (1.39> 

v C3-JJ 


Mote thm at I 


0.609 (bo ginning of condensation! 


C! 

1 


3 ^> 




















toot'd 


Specif 

Svmbnj 

Si Ha 3 (g) 

A 

Hj (g) 

B 

h 2 hci Cg> 

C 

Si HjQj (g) 

D 

Si (*) 

S 


EntaHi^ 

OiJrrrfr- 

PaO 

‘FatsX 

= Fag 

-FaoX 

0 

^JFaoX 

0 

+ g FaoX 

0 

JFa&X* 


Laiiic 

Fa -F a0 (I-X) 
F» =F AQ (6g , x) 
Fc «^FaoX 
Fd = j FaO X 


Assume uoihcmui andcofLsiuipresjm Nctfec. the wporpre^of <*„ 
13 I Sid-tchiDincirie feed 
5 only involves the changes b gaj ph «c 


C=4flUl 
2 y/ 3 


C AO ^ y A DVr%- = lf- 


RT f 2 f(0,082J (1327)) C *° ** 0.008S mol/dm’ 


C A i= ^. = c jl - X] ^ O.OOSS (1 - X) 

w U + *X)- TTx^ 

C B Sl =• c* &-*) _ O.OOSS fl ,X1 

V 0+eX) r+X /3 

Cc = ■„ 1 ^-FaoX t, v 

V 3 U0 (I + £ X)"3 CM (Tftxj 

c - f o _ I F m X y 

---; = 0.0031 K 


- 0.021-—K 


(l+X/3) 


v ~3 v 0 (] + £ *) : 


i + 5/ 


b) 


ihe solo con to pans (b) and {z} 

2 Si HC]> + 2 H 2 Sj <S> + 3 HQ + S : HQ; 

and 

2 S ; Ha 3 -> + 2HQ + Si HCU 

arc similar to Pan [a). 


3 '*// 


CPP3^C SiYeB ; A ♦ B —> C ?l*e» is i iqsiri diet. 

Pj ■ 1 tUi ■ cnnstmi 
* - I0 S ft J /<lb.aoW)<*te.} 

T i" T 0 - 5 40"F - 100C*E? 

* 


U) If E it it tquil ibriun is tbc * u pbist du t tfce rcittar 

. i. ' 

B " £T " tomtiac* S>.qcH B ■ tiatlini itf oqui.liT 5 JC-j.n_p Tip 0f pr«iSun 
ttrouihoRC tho ruotfir* n iep& li 1 ■□1»eb 1« of E it comnind by tk« rctatiP*# 
i* it rapli^td by 4 fflBlffcralt at B lu tho liquid. Rduco. 6**l“l«0 P o « ■ 

r A *" ^"A ^ ^QO iniidn Lh* retclor, 

r _ fiftk (1 ^bo> P o 

AO * ET " £f- 



C B “ k y li0^ 1_T B0^ ^ST* 


<*> At 1 


0.5 





JSCKjj 



(h; 

1-1 

o.Mi-u 

0,51 

1 

1 m $ 


CPP3-P 


coat'd 

<e) SjitBD it (it yinst asli,! P { « *00 es-9[ 

' B ' . , J *' f7f0) - *00 

1 F 3- 

l r * 1.J7&? — y <TH., Cl, doa$ ■cvz&av.t* at 1 at** 

1 p» 0 . J (—*'-—) " 7- —? flfdir 

|hd1 d 5 


“'a - k c a S 

■ C A " C AO 


s 


c,. Cl-JLU 


1 AD 


r A - 7 * C L (1 ^ >3 


(d) c 


AO “ 7 AO kT_ 

r m ■ ; A -- 4 , -——- --- M q n 2 7 2 4 

C AO 1.5 Q,DB2G* 194,2 5 

Lll 

C A “ C AO tl- *A > ‘ ». 02724 (1-0.(t “ 0.01090 X5E J 


"'A " 2 kC lo tl 'V J 


"^A " s' (O,l/H5.0ST1*J J (1-0.41 3 


-r - 1.29“ i 10 1 ^ L 

A da J i 


ff) t p A tip 


A M i Ifl 


12 ds 


i taol - 

,11 


0+2 ■ ^ E 10 * (xp [— ■ -- | r 2 5 * C 

* ta ,3HH2SS.2J lc L 

C - 74212 —— 

£^□1 

(l) hi. 100‘C - 37J *2 *E 
t 


I_DO £ 1 1 

x,. ‘ ** ? [_ I ( 7F7T7 " TTTi 11 ‘ * 59 ' a 


Sap-C “ 51 - ?i 'TTTTJ 1 t 


£=oT 5 


3.-/> 



CDF3-E 


A + 2B — > c + D 


M -j S, " W Ij " lSaJ '“ lcs ch “£' Roalmofcs Gonaiandon 

A ZL A N “ 

C ?“* 
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Chapter 4 


General: 1 fee! one of the purposes of the homework problem is to encourage 
students to re-read the text and lecture notes. The problems m this chapter reinfofl| 
the algorithm that will be used throughout reaction engineering. 


P4-1. 


P4-2. 


F4-3. 

P4-4. 


1M-S* 


P4-6. 


P4-7. 


This problem gives the guidelines for the students to develop originf 
problems. If you think other guidelines should be added send me an e-in* 
(sfogler@umich.edu) and I will see if they can be added to the next primmi-i 


1 would suggest assigning (a), perhaps («) or (kl and then only one or f Jgj 
parts (b) through (i). The ones that are assigned could be alternated liU 

year to vear. 


P4-8. 


Shows a CRT application in 'he food industry. 

Many of our students are taking jobs in the food industry and General M 
provided this problem to give an example of reaction kinetics m the 
industry. This is a fairly straight forward problem. 


Liquid phase reaction in which parts ta-dl are quite straight forward 
provide a reinforcement of the CRH principles Applied to at FR and L, 
Part (c) is open-ended and requires some judgment. (There is not ne<.e 
one exact answer for part (e), it depends on the reactor down time is <h 
for emptying and filling and cleaning the reactor.) I he problems g 
alternates are equally straight forward. The only problem more s* 
forward than this one is CDF4-J B . 



Real liquid phase reaction and data. Parts la-d) are fairly straight torwat' 
provide reinforcement of principles ior liquid phase reactions.^ “| r .j 
□ pen-ended and is similar to part (e) for P4-4, P4-4 and P4-s t.o ||| 


alternated from year to year. 


*Y! 


A eas phase reaction with a change in. the total number of 
volumetric How rate ». If either ?4r4 or F4-5 is assigned ^ the same t , > 

this problem, 1 would suggest assigning only parts h) and (b> *™P >a| 
part (e). In part (e) they must solve for X and different tempera tur JH 
the optimum. (Also see CDP4-F A for a gas phase reaction with a chaawm 
the total number of moles. Problem CDP4.F,, which was often ^ V3M 

from the second edition, is straight forward and reinforces -g 

principles and can be alternated form year to year with P4-7 problem.) 


This problem is somewhat open-ended and requires sonic ere ,. 
figure why the pressure conversion is GREATER than the p 
conversion Ask the students to do some brainstorming. Depending 
time available, I would only assign part (a), especially if part (e) ot r ' 
assigned at the same time. 
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F4-9. Troubleshooting Problem. Students need to brainstorm ideas of what could 
be wrong with the reactor. Troubleshooting problems arc being given to our 
students more and mare as first or second assignments in industry. Perhaps 
point out Kepner-Tregoe Strategies (See Ch.5 Strategies for Creative Problem 
Salving ,, Prentice Hal!, 1995). 

F^llY Parts fa), {b) f and (c) are straight forward to calculate PFR and CS1R volumes 
and a batch reaction time. Part (d) is similar to Part (e) of F4-4 and P4-5- 1 his 
problem could be alternated with F4-4 and P4-5 from year to year. 

Froblems F4-11, F4-12 r PM3, FI-14, and F4-15 These problems are great motivators 
for the students because they show the competency level to obtain they 
must rise to pass the professional engineers exam. A few years ago, and it 
still may be true, The California exam was one of the toughest, if not ili£ 
toughest in the nation. There was no curve, you had to have 75% to pass. 
There were six problems (stoichiometry* fluids, thermo, heat transfer,- 
reaction engineering, and plant design) and you were given 3 hours (1/2 
hour per problem). 

F4-I6. This problem requires a bit of thinking and manipulation of equaitons. 

P4-I7. The student cannot use any of the equations presented in the text thus far 
and must use a model balance to derive a new equation relating conversion 
and distance This problem also serves as a motivational problem because it 
shows how CRE principles are applied to the new field of ECOLOGICAL 
ENGINEERING. Parts of this problem are solved on the web module 
"Wetlands". 

Problems P4-1S, PT19, P4-2Q, F4-21, P4-22, P4-23, and F4 24. are all problems 
involving pressure drop. 

P4-1S, Straight forward reinforcement of CRH principles. This problem is similar to 

P4-22. 

P4-19. Trial and error solution using POLYMATH neither the specific reaction rate 
constant, k, or the pressure drop parameter, a, are given. 

F4-2G. Trial and error using POLYlvlATrl. This problem is a much shorter version 
of the analysis required in F4-21. 

F4-2l h Parts (a) and (b) are straight forward, plug and chug calculations. Parts (c) 
through (g) requires same analysis. This problem can be quite long 
depending on how may parts are assigned. 

P4-22. Fairly straight forward problem using POLYMATH, Alternate to F4-2G. 
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P4-23. Tough problem- Need to solve for the conversion several times to plot 
conversion vs, particle diameter in order to find the optimum catalyst size. 

IM-25. Reinforces that the algorithm can be applied to a reactor of a completely 
different slope, a spherical reactor. Fairly straight forward problem using 
POLYMATH 

P4-26. This straight forward problem is (he recommended problem to assign In 
reinforce the principles of semibatch reactors. 

P4-27. This problems is an alternative to P4-26. Also see CDF4-I ft and CDP4-Jj, 

P4-2R. Tough problem involving CSTR with recycle. 

P4-29. Apply the unsteady state mole balances to three CSTRs in series. Use 
POLYMATH to solve three coupled DDEs. 

P4-30. Membrane reactor, There should be enough time for the students to carry 
out part (d) parameter variation and ask "Wfjnf </ . " questions. 

P4-31. Membrane reactor problem that is an alternative to P4-30. 

CDP4-A Good problem concerning batch reactions, solved on the web. 

CDP4-B Alternative to problem P4-17. 

CPF4-C Reversible batch reaction- 

CPP4-D Alternative to CDF4-13. 

CDP4-E California problem that takes 30 minutes to solve. 

CDP4-F Very straight forward problem. Good to reinforce principles 
CDP4-G Optimization problem - not too straight forward. 

CDP4-H Very straight forward batch reactor. 

CDP4-I Semibatch - alternative to P4-26. 

CDP4-J Most straight forward problem in the chapter. 

Problems CDP4-K through CDF4-M all involve recycle. 

CDP4-N Radial flow reactor. New equations must be derived. 

CDF4-0 bacteria growth in a batch reactor. 

p.4-3 
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CDP4-P 


CDP4-Q 


Fairly straight forward California registration problem where 
carry' out a number of calculations involving conversion 
calculate CSTK and PFR reactor volumes and a batch reaction 


you must 
factors to 
time. 


1 mjghl assign this again if hell freezes over 


Summary 


P4~l 

• P‘1-2 
P-t-3 
P4-4 

• P4-5 

• FA-6 
PA-7 

■;;pm 

P4-1Q 
P4-] I 

• P4-12 

• P4-13 
W-14 

, P4-] 5 
P‘1-16 
P4-17 

• P4-1S 
P4-19 
P4-20 
P4-21 
P4-22 

• P4-23 
P4-24 

• P4-25 
P4-26 
P4-27 
P^2B 
P4-29 
P4-3Q 
P4-31 
CDP4-A 
CDP 4 -B 
CDP4-C 
CDP4-D 

CDP4-E 



Alte r nates 

8 


] 

i 


AA 

o 

AA 
AA 
AA 
A A 
AA 
AA 
1 

O 
A A 
A A 
A A 
A A 
AA 
A A 
I 


A,CD,0‘ 

7{a,b).lO(a,b},F,H,J 

7,10,16, 

5,6,F,G,H,J 

1 

5,6,7, F,C,H 
12,13,14,2 5,E 

11.33.14.15, E 

11.12.14.15, E 

11.12.13.15, E 
11,12,13,14,£ 

5,A,C,D 

B 

19.24 

18.24 

21.22.23 

20.22.23 

20,21,23 

20,21,22 


A A 
AA 
S 
S 

AA 
AA 
A A 

A A 
AA 
AA 


27J,J,Q 
26,1 J,Q 


31 

30 

4,CD 
17 

A,D,0,4 
A.C,0,4 
1 1,3 2.13,14,15 


Difficulty 

Time 


30 

SF 

20 

SF 

30 

SF 

60 

FSF 

75 

FSF 

60 


25 


25 

FSF 

60 

FSF 

40 

FSF 

40 

FSF 

40 

FSF 

40 

FSF 

40 


30 


35 

SF 

45 

SF 

45 


60 


60 

FSF 

60 

FSF 

75 


45 


2 


60 


60 


50 


60 


45 


45 

SF 

45 

SF 

45 

5F 

45 

SF 

45 


40 


Solution 

Gimi 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 
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CDP4-F 

A 

4J 

SF 

60 

Yes 

CDP4-G 

AA 

F,Hi5,6,7,lO, 

SF 

30 

Yes 

CDP4-H 




30 

Yes 

CDF4-I 

AA 

26,27,Q 


60 

Yes 

CDP4-J 


26,Z7 r Q 


45 

Yes 

CDP4-K 


L,M 


50 

Yes 

CDP4-L 


K,M 


50 

Yes 

CDP4-M 


K,L 


SO 

Yes 

CDP4-N 




50 

Yes 

CDF4-0 

AA 

A,C,4 


50 

Yes 

CDP4-P 




60 

Yes 

CDP4-Q 


26,27,1] 


45 

Yes 

Assigned 







= Always assigned, A A = Always assign one from the group of alternates, 
O = Often, 1 = Infrequently, S = Seldom, G = Graduate level 


Alterna tes I 

In problems that have a dot m conjunction, with AA means that one of th 1 
problems, either the problem with a dot or any one of the alternates art;.’ 
always assigned. 


T im e 


Approximate time in minutes it would lake a 8/b + student to solve th*j 
problem. 


Difficulty 

SF = Straight forward reinforcement of principles {plug and chug) 

PSF = Fairly straight forward (requires some manipulation of equations or Jo¬ 
inter mediate calculation). 

IC - Intermediate calculation required 
M = More difficult 
QE - Some parts open-ended. 


Note the letter problems are found on the CD-ROM. For example A ^ CDP1-A. 
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Table 4.1 Solution Manual 


Membrane 

Reactor 


Batch 

Reactor 


Se nil batch 
Reactor 


Forward 


Fairly Straight Forward 


i termed m I e Q tcula h 


Competing Effects 


Open-ended 
Critical ThjnJcin; 



20 

10(e), A 



23,24 

3Ts(d),6(e), 

7(c,d).E,0 


— 

r is 



e) 

2 


26(e) 


23 





6(e) 



20(c) 

26(0, 

27(d) 







P.4'6 


Chapter 4 


F4~l No solution “vx-i]] be given. 

P4-3 

(□} Cooking food (effect of temperature), removing a stain with bleach (effect of bleach 
concentration), djssotuLion of sugar in coffee o t Tea. 

(b) Accept catalyse 

1) X is small and pressure drop U unaffected 

2) cost savings 
Reject catalyst: 

1) Pressure drop now \oo high therefore lower conversion 

2) Catalyst not as active as U should be 

(e) Bad idea for 100 tubes in series. Pressure drop will be too great because of greater 
niASS flow rate through a single tube and because of the tube length. 


(til Using POLYMATH and the set of equations given in example 4-8, 
graph conversion as a function of catalyst weight 



»r]a 


i .SCO “ 
% 



5 = 0{l - $) UnaU + \J5G] (£4,-37) 

° PoSA* 

A J_ 

P, dp 6 


_ T _ 

5 1 

Therefore, there is no effect. In future experiments, run it so that they do not 
increase and decrease ai the same rate. 



coat’d 



To determine the equilibrium conversion use the foLlowin 


cquauon 


uon of the mole fraction of inert and plug it bto 
change the inert value from 0 to ,9 record the res 
conversion use the POLYMATH program giver: 
P 40 a function of the mole fraction of the inert a 


to tmd the conversion. Record the results and graph the 
as a function of mole fraction 


two conversions 


Conversions vs, mole 


1 ne advantages of the men are obvious by the graph 
added the conversion increases. The disadvantage is 
you add the less of A you will have and thus the less 


The following graphs show the flow rates of A,B f and C as a 
function of volume, nacb graph represents a different k_ value, 

For kj values not shown it should be noted that as k_ increases, 
the tnaaimuin value of F B decreases, while the other'flow rates 
are mostly unaffected. 










coot T d 


time vs flowrate 


By varying the parameter, IcJq it car, be determined that keeping 

Lhc k to Sq ns tin high would optimize the process getting the reaction done 
in Jess volume, IQ has little effect an thr reaction as a whole. Keeping 
F ao low also helps keep the volume down, bat on the other hand it keeps {i 
frocn having too much reacted* If the temperature were raised the volume 
needed would decrease. 


O.Q02 


0.004 

Flowrate 


0.006 


O.OC 


P4-2 cont'd 


The maximum -cDnceDimljOD or C and D in Example £-22 is the derivaijvc: 
of C A set to equal zero. 


dC c 

■ ~ kCX x 

_^=o 

ds 


V 

d£» 


^ = 0 

dt 


V 


h) Lf one substitutes the numbers 

profit *' . 150 * 44,04 • 3600 • 24 * 365 • .e] - 

[□.04 * .425 ■ 30.06 * 3600 * 24 * 365] 

-[0.043*0,0736'3600 * 24 "365]~8,000,COO - 92 mUlton 



c&nt'd 


iz 2 



C w 

1+^0 

_ r 

1 +*T 0 J 


j) 

JO 


If 




'-&-~C w 


1 + kz a 


C - c ” 
IT 

] 4 - dr —®- 






I- 


f V, +y 


y 

A 


v o 

Immediately flush eyes or skin with lots of water for si (cast 15 
minutes while removing contaminated clothing. 

Ethylene Oxide -Use safety goggles, use butyl rubber gloves. Keep 
from fire, prevent con tart with air. 


Bromine cyanide-use in dosed system with a vcpL use protective clothing 
and gloves, safety goggles, prevent contact with warm surfaces. 
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0.21 
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LWO 

dll 

3 .Sid 
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nin 

93,1 

15 

»U 

17 
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F4-4. Assume constant volume batch reactor. 


Mole balance: 


r 

*° dt - Ta 


Rale law and stoichiometry: - r A = kC A - JfeC^I - X") 


kv 


L 



Specific reaction rale: 
Combine: 


Jc(25"Q = .0022 weeks 1 ' 


- 5-- ^ ino-y) 


0 X) * 


522 K'ft i kr = ■ 


l 


.0022*veeJb 


^InO-X) 


X -.] 08 


C A =Cxo(l-X) 

Since, volume and molecular weight are coaslant lie equation can be rewritten 

mx=niAotl"X) 

6500 rU = m AO ( 1-0.IDS) 

m A o - 72B7 HJ 


CO = 0) - C{t = 1 yr) 

%ou = ^—j — ; „ r 1 xloo ~ i2.i% 

Cl = 1 yr) 


,, 


as 


Fd-4 (cont'd) 

b) Serving size = 30 g. !0,000,000 Jbs/year {4.53 x 10 9 g/ytaj^of cereal mads. 

Number of Servings per ytn - (4.SB x itf)/ 30 =1.5 S X 10* 

Each serving uses excess of 7B7 [U {1 .02 x 10"* Jb) of nutrients. 

Total excess per years (1.51 x 10V (1.02 x 10*) = 154 11 lb/year 
Total overuse cost = S5/1b * 154.il Ib/ycar s $770.60/year 


c) If (fie i] nine jits are loo expensive, it could tic more economical to store the cereal at lower 
temperatures where nutrients degrade more slowly, therefore lowering the amount of 
overuse The cost of this storage could prove to be the more expensive alternative, a cost 
analysis needs to be done to determine which situation would be optimal 


d) k{40°C) = 0.00-1® weeks' 1 Sraonths = 26 weeks 



dX 

kC^U-Xi 


k 


26 wffjLr 


-1 

■X-4 S wf eJif' 1 


In(l-X) 


X -0.12 


C*=CaoU-X) 

Since, volume and molecular weight are constant the equation can be rewritten as 


m A = itiao(I-X) 

65 CO rU = m A0 (1-0.108} 
niAO = 7367,12 IU 


<&OU 


Oj = 0) - C(: = 1 [ Tyr) 
C(r = 1/2 vr) 


X100= 13343: 


4 '/^ 


P4 -5. 


A + C 


C A0 = Cso = 2 moiydm 3 ki = 0,07 dm’/mol/min 
v A = Vfl = 5 dm^min E* = 20,000 cal^mol 
T i = 300K 


Rale Law; r A ='kC A CB C a =Cao(LX) C^r-p/Vf 


a) CSTR 


V=200 dm 5 T=350K 


Using the Arrhenius equation at the CSTR temperature or 3S0K yields the new specific 

reaction rate. 


k = 0.07cxp 


20,000 f 


1,987 U00 
k * 8.45din Vmol - min 


L.-L) 

DO 350^ 


CSTR Design Equation; X=O0(- rA y(F A0 ) 

i'aWflprv. 


X = 


ttt&m 


. dn? mot , . 

(aXMit’XMS—j—r-Kl-rr) U- 

mot nun cm _ _ 

mol 
10—r- 
min 


i f*4 i.*’ 

m 


\ the quadratic equation: X^0,925 


" EES V^SOQ dm 3 T=300K 

Design Equation: 


I" Mtalws: 



_ 

A0 dV~~ r * 

(0,07———XlTTi' 1 ” X) 
dX =- dm -rfy 


mol 

10— 

irun 


r dX r 

JTT-r-r-ooailrfV 


J .d-X) 

X = 0.85 




P4-5 (corn'd) 

b) Batch Reactor V=200dm J *^ &O =200 moles X=0.90 Assume hoih«rtnd 


Design Equation: 


„ \ & 

1 ~ ^*a j _ r y 


(iOQmolej) r r£V 


mai " min c*m 
f = 1.06-mi n 


c) X=27 3 K- 

Find the specific reaction rate at the new temperature of 273 K using the Arrhenius 
Equation. 


k = 2.54 x 10' J 
= (200 )(9) 

1 = (2.54x10* >(200) 


= 3543 nun = 2.5 days 


d) At higher temperatures the rate of die reacdott may be extremely high. Lf the reaction is 
extremely exothermic, the temperature in the reactor may get too tiigh making die process 
unsafe. 

c) Assume for each batch it takes three hours to fill, empty,, clean, and heat to the reaction 
tempera rare. The reaction takes one minute to complete., therefore we can carry out eight 
batches a day. 

In one day, the reactor processes (LO mob'nunX&O Ertin/hrX24 hj/day) = 1800 mol/batch 

_ 1 mol _ _ 1800 moi 

Ca "“ dm 1 = V " V 
V = 1S00 dm 1 

Use a 500 gallon reactor at a cost of S67,000. (1997 prices) 
f) The points of the problem are: 

(1) To rsoie Lhe significant dinetrices in proCfiismg umes at dittersnt temperature* 
(i.e. compare par: (b) and (e).) 

(2) That the reaction is so fast at 77 C that a batch reactor is not appropriate. One 

minute to react and ISO to fill and empty.. _ 

(3) Not to be confused by irrelevant information. It does not matter if the reactor i 

red or black. 


4-1*7 



entering Ftivjtirc j. 11 5 F^t[ 25? k 0 



^A=kC A C a 
' r A - k OVuJ FjA>) 


elementary reaction 
for liquid syvxmjs 
volumetric flow u = 


r A" fcC A0 (WC 5 


v 

CJTfr 




^ , f -4x 10 Eb/yr F 30d/yr operatic 


F_±4il^I T lil 1 d „ _L lb mol 

C VT T. n J T> 4 L_ * n IL 


^ A 30d 24K? x ™27B lb 


cm il00 °s^ * m - 7ft 


20 IbmoleTir 


1_2 — ft _ / 0 2 Ibmclc \ 

lbmolt*hf ^ r 3 1 U-X) CS-X) 


X 2 - 5X * L.S? - 


X = 0.35 


J To 


increase conversion, X. uk ^FR, 


5 . *cr c£j . iptracure, or iLst a ben& catalyse. 


{coni’d) 

fc> 




5 ^ fjtc" 1 

Ci -C^-X} 

C v- , f ’f X - 

iC; g (i-KX5-X} 

^ y (60 Ibniot/hX-to} 

d) PFR Design Equation 

dX _-r t 
& = F m 

dX_ _ kCj a {l-XXS-X) 


1 Lbmot 60 J^mol 


V = 535dm* 

fDBP} = 27 B ValOCft^ a |Jj b 7 fr 

ibertfont H 4 X itf Ibrtst at DBP ^ecd to bd prodiMd u, 30 djy* 


MoLe b 4 Jir.ec. 


„ f & 

'Mrnr 


7 _L_1 i-jf 

*£*> J(S-,V) : 


lhc alxi ve equation relates the reacuon time for a batch and the conversion 
achieved during that batch. There is a trade-oft between high conversion and 
batches .and low conversion but many batches per day. What conversion will 
resuk in Lhe smallest number of rs actors? 


N ao = 133-7 ft 5 * C M = 0.2 Ibrnol/ft 1 

_ Pr oduet N^X * 24/jr _ N^X24 _ ,V a6 X 24 

reactor* day ^ " J m +3 1 J 5-JC \ 

kC A0 (5-5X) 

Moteproduct 4 *} C l>: lbs Ibmct , „ „ mot 

, —-— 480 

day 3027 Sib day 

^ _ 480 mol I day 

f (X )j7iol /day / reactor 


■-fix) 



P4~6 (corn’d) 


The ,,3,nimiJni occurs at X = 0.82 and corresponds to 4.192 or 5 reactors 


a - & * ic 

V 


~'A “ Ka 
C .c f| -*> 

^[1-tX) 
r; _ _j 

Cjr - = .-■ ■■- 




' ST (C.CSl^OG} "d-n* 

^F^ Xd-cX) 

C^l-Xj 

B. 3 W l_l _1 

jt = l 0 ^,Uni£: «J =0iWt 
(O.&H rr,- l )(0Jir,a-,/dcv i )(l- 1 9) 




= *772 dm s 


[23mal/xnir-) V, l 

[ 1(0. 044 sun'](o 3mo l/dm 3 )J, 1 + 2 * I-.9 " 1 '* 


= [iss.4 d^ 5 ;(Eii ; 




P-l-7 (corn'd) 

(d) A « B + 2C 


Raic Law : * r, = ^k.(C,-CjCf/TC^) = 0 (ai equilibrium) 

K c = 0,025 

Sioichiomeirv: ^ = C i£ ft^X) c, = r q „ ?£.h X 

' i + eX 1 i + ex c UeX 

K c = S& = f C^YZC^xVr l»«X ) m «C;X> 

C A U + cXAl + eX^C^fi-XjJ (i + dC)*[l-X) 

5 = 2 mid C* u = 0.3 
=0.52 

X = (0,90)X„ = 0.47 

CSIE 


- r = 


(t + cX) 


(l-x>- 


(I 


+ fXJ'Kr J 


V =. 


F,.X(l + gQ 


(2.5 mol/mmHO J7)f l + 2(0.47)} 


1“ - X| - oTWkTJ l“« ™"X««—'1 o - Mn - 


4 { 0.3 mol/dm 1 )'(0 47 )’ 
1 , 025 ” 


V = [300 dm 1 

EEE 


_ dX dV F* 

K, —= -r, or 


dV 


dX “-x. 


N“- Xi -(Twk) 


' r * = a 

Using these equations in the POLYMATH program below we get the volume to be 
290 dm 3 . 

F4-8 


Actual 


Ejected 




s, 


*5 


•A_iT 

Single Blade 


►X=0_57 


\r 


* 

T 


->» 0.5 


Single Blade 


//■J/ 


F4-7 (cant'd) 





l r I * I je 
CS4J rjaJ 1- X 


£C * \ I fi Cftlrl 


tl Lii)hH 111 rr-jj f$c 12 k rcKtitKi lo rush Mifr caavc^Loa j th£ b*iah 
rwct&r. Auumc IdU. nmt (cih Is M) U [ii twun {3S3 cnia_ J. 

ThtTcforc. iL’LiJ wyclc drrc * 1 lifirUii + DGfroyg p475mja 

la one diy Lhtrc lt I aj-GwTS =■ 3.Q3 - } ma* 

Tbtrtf&rt Nj^ * IfrCCrt = 17K5 nuitt 

Vohi^c Ctjti^ii-fitu: 



11S rrufi i 


V - JOCtoV 


* 

V* *0 C*M mifl *J—j- * 
am 


j L-»l.r 

' L-JT 




W A o B + 2C 


Rate Law : - r A ^ -k r |C^ ^C 1 C^^K c J a 0 (&j cquaSibnuin) 

fc^-0 025 

^Eoichjtimeqy ; C s — r = ^ 

t + £X h \ * £X ” t + £?C 

K c *_fc^xy^.xVf i + sc \ 4CLX 1 
C - U + eXAi^cxJ Lc^d-Xjj'fl + fXnt-X) 

i,a 2 and C^.sO.3 

X „ - 0.52 

X"ttm)X„=Q47 

CHE 


.Jga.J'f v , 4CLX 1 

0+£X)t (! X) (i + £ x) ; kJ 


F^X( E + eJQ 


(2.: mol/sviaXQ 47\ f l »2{0.47)) 


■ ■*“ --■-._ - L -: ~ ■ - ' " ‘ t _ _ \ ■*’"■*' ^ l4 -- u W -* j j|^ 4, f U .-4 f y J 

V ^1300 dm J 



*4- 2-2- 


F4-E (coni’d) 
Fredscted 


F^ X{l+tX) _ 

1 ^ n " 1 


c^o-xr ti-*r 

mol 




_tnuL 




mol min 


T moT 

ii\[ gal , 


1000 gal = cr 


(i-x) 


T 


J— = 2J! 

.25 


a = 500 gal 


Mcasu red 



... . 500 gal Xt 

^00 gal = —r 1 

(i-x t r 

1 - 2Xj + Xf - X 
1-3X L + X?=0 
;W5~“4 




-.35 


500: 


2 

Reactor 2 

. 500 (X, - .35) 

(1-Xjf 

1-2X, + Xf = X 2 -.38 
X| -3X +1.38 = 0 


X; = 


3±y9-4.1.33S _ „ 






for equilibrium -r A = 0 


A Cj-£^ = Q 
K c 


|L f-c 

A ~ 


Ca=C^(i-X) c b =^ 

-*- 


_ c„x 

2 4 2 


c U ] -xJ=S^ 

4K r (l-X,) 5 =X ( J 

« e -8K s X t +4K,X f * 
MX*-Z4X ( +1,2 = 0 
X e =0.52 


o>) pfr 


Etesign Equation : V = R f— 

; -r. 




Rate Lav 


- r A=k V C^- 


2 CjC c 


Stoichiometry: C A =C Ao (l“X) C - q _ 



C Ad = 


--—---- 0.0037 ~ 

0..73 fi ,aL —859.67’R) U 

JbmoL _R ^ ' 


4--H 


P4- tO (eont'd) 
Combine ’ 


F* r x dX 

v =r^-lr—r 




(l OlbinoL/min Xi min/60s} r* dX _ 

(l800ft 5 /]bmo|.sX0.0037p jjCl-X) 3 -0.B33X 1 


„ )f x tiX 
v = 67afx>X 


* [l - 2X + 0,167X J 

/ l 0,523 T X -1L45 

V " 6 ’ 76 [(0.6i7Xtl.45-0,523j in [ 11.45 X - 0,523 

V = 13.5fl J 


(c) CS'IR 


Design Equation ; V = ■ 


Rale Law : 


- r A = k 


r J c bCL | 

V K < J 


Stoichiometry: C A = 0^,(1 -X) C fl = c , -“r" 


Combine: 


t.cL o-xy- 


_ (lOX0.5lXl /6 °) 

(lSOOXO.0037) 5 (l-O.Sl) 3 * 


4(0.3) 


= 147,73 ft 3 


Amount proceed in CSTR : 

(lOlbmoi/rmnX'SO mjn/hrX24 hr/day)= 14.400 Ibmol/day 


¥'<&~ 



(c&nr'd) 

Batch 



t 


I 



= 0.30s 


__ _I_ 

(o. 16 ?Xl 1 . 45 - 0 . 523 ) 



tfjc iota) lime per™ ntt 4 torn *"* 0thcf d ° Wn timc Msu|llc dial 

a day there cat, be 6 run* per day. ' ^ ^ thC fMCt0r can ** “«d twenty-four hours 


14,^100 Jbtnol/ dav 

_ 6 tunx/doy = 2400 ibm <^nin 




v = r_£L 

~ f a < J-r 




1 ^^0,167X1145-0.523) 


jMafXMUs)' 
L11.45(x-0.523 J 


2400 


(4XtsooXo.oo3?X 

v = 48,690 ft 1 


, _!_| f0.523/')C-ll,45\l> 

[(O.I67Xn.45-a523) ln [:r^[xrM5j J 


< e > n - 30,202 btirtbinoE 


for X = 0, -r A = kC^ 


— ^L-±k£L_ t„ E 
- r k r^~ ~ ~ ex P~ 

* s *®> k j4B a 

30,202 btuflbmol jf 


- — ejep 



* |4 ®> 1.9Z7 bcuflbmol.-' R [[ 259.67 "R 7s59.67"R 


Vtcri 


-r 


= 49 


^l^4£D| 


*/-w 




dise ob a cciEtioa £ C i tcbaUr rcic^r: 


A —> B -r A - t C , t - .001S *>io 1 «( 60'F 

t - 13,000 caL/inolt 


I 

->l-> 



I - o.?o 
^ - iooo iwtx 

- Ifl Ib/Ib-mole 
trnn r - j£ it/iTi~fcX' 


_ 1000 i b^_ u*2jfcaiij 

B 3S Ib/lWoi* hr 


- tills# ii£i=st#r - 1 la.Qh 
L - tab ts leafctb, ■ 1C fact 
F - III piU ■ U32+l4 + 7JpiU-X44,7 V iU 

T * 1(Q*F * 7£C*F 

a r ■ LJC t sf take i 

F A0 ■ I ■ Ul,llbniol*/*u1/0.9 
* LS l 1 Ibaale/ht* 


£ - l-i-a 


AO 


*' * V * F 


rtictcr; 

a 

[i _ _ 

PD 1 !. 

i i t 

^0.90 

£5„ 

\ = 

4 

A0 

Jc A 

>A fc 1 

.0 t 

-H- 

7a £ - 0 


u-s ) 

C A0 " 

P A P 

KT * SLt 


.90 

di 

f ac , 

fO* 

SO 

d3 

F A0 1 f ao st 

- a 

1 ~ f A 

0 

*AA** 

- S! = ' iC AO a ' * P 


AD 

At T = IfiG*F » 720'F, t ita k. * *0315 eIh it 1, - &0*F - 5W9* 

■2 — -Sr 

*, e * P t| (|-i-31 - 

X 


La 10 





F4-II (corn'd} 


OOi s 


— 

1 Wle’R 


f TG Ifl 


i m x , bj_ 

(340) (no) 


0015 


001J 


2 “ C *00151 (J.S2xlO^> 


* Jr* 


pji* x. 72-O'R 


Ibb&l 


■ 4V ^ f 4 MO .73 1 f t 3 

n D*L 3 ft 


pipe i 


(i*tl J x 




P4-I2 (corn'd) 


kC 2 V ■- v p* t C 2 V ’ ■■* ,,r „ p 2 

AO ?F - PF v ^ L A0 FF TF 

7^ = ini - 1 ■= 

t - O F 1 

'AO « ao S-T- ^ AO T- 


* C AO v pf a L C AP V PF 


J 5 . (2,301 - l.SB 


it -1) 2 Jt .. 

tl-1’1 


solved by tri*l and c£ror. Cgjn i utt i □ % Urm is Had e rl in ad » ite i c n □ j i th* 
Above cqu b t i □ a 


x - i- 


tl.3B-t‘V - 2i ' U*.’itcri-l 1 >1 _,J 

Cl**’) 2 * U,5B - t' 2 x' -It' (W > loU-5 U 


Sslntios (l) Atiu^e i vdie of 2" 

(2) Calculate i it* X' froa L.H.S. of tie iSavt equation 

(3J Cu:jiic or Die oev viUl ol I* in L.5.S, of the is/purion iclJ 
repeat ittpi (2) ind (31* 

s 1 = Z.SB - O.027Bx' ♦ 0,27 tic[ 1-Tt‘ 1 

3-27 - 0*D278S’ * 0.2781□(l-t' S 


Miaati 


Cilcnii’.el 


0-700 

0.763 

0.7JB 


0,763 
0.768 
0,7 S 5 


?4- 5 j ¥ G L v c n' Hb c seul easilyzed isOE^rtllLiaE, A ^ B * liquid jha*c 

-r. = fc, rc -C a /E 1 with E - «■ -S.G 

A 1 A a cc cS 

i plus £Low rtic:o: t i tb = 1,0 F * Q.J5 

disc I: F.F. rsic^r ss-aaected iu i^i«s tbit described ibov* 


V-^f 



P4—13 front'd) 

£ i □ e e 


J A " 0 ?0t a Liquid phss* rcictioa, - C [I-I> 


C 3 “ C AC S s " r A ‘ k C A0 f (1-X) - r 5 -] 


«<1 


Tpr tho first rtiBtor, 


J. *■ f ao J. 


^ B F j _iJ_ 

0 ~* A AO J fl * c A0 [(i-*)_. 


■if* ] 0r 


f 

F ao i„ 


- AO‘i 

F.„ 
AO 


-iL 


_L 


i-C 1 + 1 /E )xj " ' (i + i/t , ln £i-Ci + r—)X]| 

*1 **) eq I 


0 


fcC V 

—Ap .L_ 
f ao 


1 , , 

' ’ 3n tl - (1 + ^-) IJ 

(1 + -l_j 


" i J 


t j} 


*<i 


F « the Sec0nJ 


re-sc tor V * F 


f is_ 


2 AO - r 05 «7fB rettt JEieiECEit 

J T A 


* c v r 2 

h—■ J kSL - 1 , [ 

V J, 


AL 


i 1 - '‘r 11 ! 

1 I c q 

L-1 / 1 81 i 



1 

eq 

11 

Jl 

At t. 

but 

k C A rt V 

Af> j 

t C V 

_. KO 2 



F * 

AO 

F 

AO 

IDd Chut p 

*. 

j* ?* 

fb 




1 


T 


J- i 1 

*5 


I - (1+ -- 


1 


tl+1/£ v ^ H-C1+ 1 


*4 


CI 1 


U+l/E 


-llnj- 




C 1 1 


Ot 


? ebj; 

.Sffi 


1 ~ C1 + K 1 = El - ti+ 

eq 


k m 





(b) 


y-So 





P4-I3 (corn'd) 


t l+l/E 


I56J- 


Overall 


Ctiho ta be t: a a d para iiOBEiii i 


i v E 


V - iODO Jt 


AltlUuA 


1 ^ o 7 - s 1,' h j 



P4-I4 (conl'd) 


pl“t flow rsicior *o=d i t i'on 5 : F^dl “ -*, r iiV d; 

? 

v = F 1 4L. 

•A0j n -t ± 


i 4 C IO v <, d ' 

V . I JO c . v 

J 0 ° 


■■■■ 

lifer- ■ “t w u_x! 


^AO' 4 v iioali be tit Hue r*j; C:**e I ^isd Cflie II* 


UV, C.„ I “ ^Vc„* I l * [1 "^„ u “-■«» 


,‘. (kY) 


c«i* i: " ~ tv ^c a i C xi ln 


C11 ■ I iL £ 

- IL 55 iti/hs* 

16^ S"1 


.1 


Cm II* b£ 

- 1L55 j^ULir* 


La [l-.JOl 


Rejctc* ipjears to be flo* lines (““3 „ 

AO Cut I C X0 Cut II 




Ai * t^ct, uive eb»: the reacts- tciivi i ai 4 CSTS; 

V - SoV * c ":> v 


v I T 1 

* WT . ■ E __ E> 

■ * 7 v c ’ ^nrjy 

As±Ln* tkV] 1 h on Id be the ilug fa? te.se I Cup II: 

‘"■‘c ... T X CiJ4 I C2I00 tii/hrl 1.371 . 

UV) c»« i - tn :--■ 1443 5 il,ht - 


UYl 


Ciie II 


^o’cnt IT X Ciif II 1467 -il .SO 

H -”- Zl -"'- - —- 


Cue IT 


1-. JO 


= l£o? jil/lLr- 


tiV ^ CiiSc J " _ry n^i = i the C5TE a r tEs?E iaa* reactor sis be ^odet^ 

a pLuj floit reactor: 











P4-I5 (cont'd) 


Tjtb C 


AO KT 


AT 


* 'AO P l ' 1 


til 


A si u tar Arrhtaiiai Equities* ipplirl tte r«tt con^sm^ 

M T, * 60Q*E ^ * ,00m ? " * c 1 

-E/ET 

it t 7 » 740** V ; » .07*0 i - A < 2 


ii -E/R t _L , 

* s - =r ^3 i 

*1 T 2 T 1 


T.-T. 


. £ . u '!i. lB >g±fi- . l9 .SCO'S 

* * ft k 1 100 B & .00l$l 


* - V, .* E/CT 1 


,-», .- ,n A - r> 

1 * +1 


Frgo Lqn. a d 


II JL 


I „ — 1 

T 


k. c R <T - T,> F fc0 a 


v 7 Aa F 


l-l 


Af 


or 


r -lg.50Q [j- Tfel 


f ao h 

S V ?AO P 


L a 


1-X 


AF 


jjfifllil x ft 3 lLU4.7 piUl 

i ^ n fllT 


^-i^soo . .ojob-b" 1 soiTim. X-:T3«*» - n»*F 


P4-16. 


?lli g flew e G ■■ C t B T -A ^ ^ 


a a inversion 

A S 3 - 

X .= UtUll CO=vctsi-OEi 


O.S 27 J Ad 


0,5 64 




P4-17 (conI’d) 

(2) Evaporation 


d ^ X) / d (Z ? = - ra^wM/ £hq 

WSc -5 

wo IDO 

d-0.2£ 

cao=D. 01 


x >5 i (2) evaporation 


0*1.11(5-3 
rhe>w$^. s 
£* 0 »cfio*vo 

fA»fac*(i-x) 
vwvo- 0 'w-E/rho 
c**f 0 / v 
rm— 

*0 - * f . 


Seale 10 s **= - 


ra ts i ( 2 ) 
evaporation 


c £ ■ 1100 


Scale 10* 


(3) Evaporation and condensation 


Equa C i Q- -1 «z - 

^d/fao 

kMGe-a 

W*1 DO 
d*o,is 

vo «2 

0 *(l*He- 3 ) -Q. & 

£fiot cao - Vo 

E * ta fae>*(1-x) * 

v* VD - Q * w * t/rho 

**-f*/ v _z 

ra—lt- ca 

* Q ” ^ £ = 1100 


x vs z £3) evaporation and condensation 


L DOC 4 j 


Scale 10* 


XfCE I. j-v l. tK- 


m vs z (3) 
evapora tion 
and condensation 


LfSfi 



P 4 -m 


d) Making the ratio Q/kC M a small positive number immediately puts the 
conversion dose to l., Convert]y making that ratio any negative number makes the 
conversion go down very quickly, 

t) No solution will be given. 


8) Assume isothermal and e=0 

therefore, P = P 0 (!-a^ J 1 = 10 (1 -,0J g 1 W) J 

W = 99g. 

b) 

dX -r A 

<W'“ 

— = {i-Wfor) J 

- r A = iC A 


Ca = C a0 (1 -X) P/Po 


C A = C A0 (1 -X) {1 - 0.0 ] 


Integrate from X=0 to X=_9 


dX 

dVf' 


kC A0 (\-X) 


(1-jOIHO 3 


W = 59£8g 


First 5 % coo verier, integrate from X =0 to X=.G 5 


W=l, 31 g 

Last 5 % conversion integrate from X =,85 to X -.90 
W^ 10.85 g 



P4-I9 (conr h d) 


b) Since lurbultm 


*: = a ■ CC : /G, r (Dp - fD p *){ Ac, / a^J 


a,tI«)-tWjsa,/32 


tt** .93B /32 = .029 


a i c a J fFiai/F mi) ^ Cm! = C-, 

■i = >L fl/tlM)) -4* t *2.73 


By using trial and error La POLYMATH we get X=0.S6! 

F.4-211 

PUR 

&__ tfT,, f|-X) 

'4»~ F m F m {l+£*f 

<Jv _ —( l - £3 l to 

rf»'" 2y 

jr 

Trial and cm by POLYMATH gets us tfcue foil owing 

Gums a, a, £ at X = 0.064 y = ri 23 

a s.OOOlGl, a s .000913, E • 


_s*(i-x)/(l+eps'x]*y 
•^(y) /d(w) = - (l+eps»xj *aip/ (2 *y} 

*^■.000940 

•“-OQOloi 

■$**1 

• 0, w _ _ 


Initial value 


for ' 




F4-2E) conf d 

a) Mole balance: 


rale law: 

-r^kC A 

Stoichiometry 1 

A ~ + 

Combine: 

w _ x(i + ar) 

" u(\-X) 

X - 0.37 

h) 

dX g(l-JQ . 
dW ’ 1 + tX * 
dy -fi+ eK)g 
~dW = 2y 

We will make the approximation mat £ 4 X will be neglected with respect to 1 and 

then use Pit above equations k wit! increase as D p will decrease as per Chapter 12 
and that alpha increases as P. decreases so that y decreases and there is a 
competition for the effect on -r A . Alpha also decreases as G decreases therefore y 
increases and rate aiso increases therefore higher conversion. 

c) No solution will be given. 


if-If 



&ZL 


a) P/P»* 1/20 - (1 ^ a * 1000 kg)r J a =9.975 * ID - * kg' 1 


b) PBR 


&__ZLl 

dW ~ F, n 


Rale Law:-r A =k C* 


C*=C A& Cl-X) 


Combine: 


o 1 ~ X F *e i 
kC 1CW 

J 52 = {— ; J (1 - 8 x 10 “* W)*dW 

* Ji fi 


C5TR 


F V 

MB: w = 

— r. 


Combine: 







1000 = 


tl-X) 

I Jf 


2J10" 1 (l-X) 


X =.18 


£x is inversely proportional to enjis stciionaJ area and therefore the pipe 

diameter so increasing ihc diamcici will decrease cl Since ibi< 35 limited by 
internal diffusion, the specific reaction rate is inversely proportional 10 the 
panicle diameter. So to increase the com ersion it is wise to Increase the 
pipe diameter and decrease the panicle size. 


‘O Increase is cross sectional area decreases a. Increase in particle diameter decreases a. 
& could stay constant if cross sectional area is increased and particle diameter 


V- ¥0 





(corn'd) 


51-*! I D-lfr 

d txa Th'- 

y * 1 

^ ■■ i. ■)■ ^ 

r *-- « 

jj 

r ktf 

LMl ■■ J ■ . 3*3 ■ ( I 

K-r 3 ]J»h^/ 
■ *l v* L u « * : 

■ I **1u*| * * 


^ 11 KpKJ-t 


'd ix) /d [u^ 

l: 


b b * a& ^ <| a ■ yj 




Solution 


Mole Balance 


Rate Law 


{<£ coth 4> -1) 


Increasing Particle Sue 


Large D 
Then 


when D p = 2 nun, k* = Q.06* r[ 


Stoichiometry 
Gas, £ = Q> C 


where 


7.08x 10" tg 


i7.5a kg/dm 




0.0007 

0.0014 

O.OOZSfi 

.0028 

.0035 

.007 

.0098 


P4-23 (cons'rfj 
Combine 


dx (k'C:\ s 

— =^ (i -xy/ ^ 


i r i ’ f 

^ (^coLb^- I) | wbejc k = 3 and <£> - 1 




^I.C= 0,207. F„ = 5 
w =0 x = 0 vt].o 

W, t 100 

See POLYMATH program Var, D r 


y 

n 

k 

X 

0.996 

15539" 

0.12 

0.092 

0.54 

0.35 

1.04 

0,37 

0.93 

0 59 

J .76 

.58 

0,87 

0.77 

2.3 

0 64 

0.S5 

082 

2.5 

0.66 

0.73 

0.92 

2.8 

0.64 

0.54 

0 96 

2.59 

0.62 

0.15 

0.95 

2.4 

0.56 


0.005 0,015 


Dp *! 0.02 


0.033 Dp 


yj /a [ v n i pHo / ? / y d(y)X Inci#; valu* 

<tC w ) ■ 

^a.Q,2 0? 

^- 00 ? 3 S 

ItlO 

gJS**?-* Gx. dO~ x )*Y j 

/&h.f » * 3 . * r , 

ijn-u Ipl11 f r£«p<pt--=u ei( p(-phlJi^ BJ( p( il hi!-t*p(-p> 1 

r- /' 


- IS * 


P4-24 


dX ~ L A,- 

L Mole Balance: — = —-- 

dz F m 

2. Rate Law : r* = -k‘Cip c (l - <?) 

where k'.pf.and <p are unknown con slants. They will be grouped into one unknown 
consUmU k b i 

k 4 = k’p c (i“ip) 

(i-XL 


3, Stoichiometry 


Ca=Ca "(1 + cX) J 

E = y^=(iXi+i- I )=i 


dy 


4. Pressure Drop : -f~ -— (I + cX) 

iz P»y 

when neglecting the turbulent contribution to pressure drop.p, is given by 

' l50{s-tp) V 


P.=Q 


1 p.gc D V J 

where all of the bracketed variables are unknown constants, 

G = — 

A c 

The mass flow rate is also and unknown constant. Thus P s can be written as a constant, 
B, over cross - sectional area 


Po¬ 


ll 


where B - mJ 


'l5O0-tp)V 


:_r 


P 6 g c D ^ 


Where B is a function of the mass flow rate, feed properties, and catalyst properties—all 
of which are constant for part (a). Note that all equations up to now apply to a tubular 
PBR and spherical PUR. To find B and k, we must model the tubular PBR on 
POLYMATH by entering the above equations in addition io 


A c =~-(20dm) :: = 314 dm 

B and ko must be arbitrarily chosen at first. Then, depending on whether POLYMATH 
gives high or low values of y and X. one can converge on the true values of and B. n 
order to do so efficiently, however, one must make use b! the follow mg trends. (Note 
Thai the following table is completely true only when £ > 0,} 




W 24 (cont'd) 

”4'’ 9 H . 


Case 

POLYMATH y 

POLYMATH X 

Remedy 

Effect on y 

EITeci cm X 

! 

■-— 

too HIGH 

too HIGH 

raise B 

Lowers y 

towers X 

2 

loo HIGH 

too LOW 

raise 

Lowers y 

raises X 

3 

too LOW 

too HIGH 

lover k* 

raises y 

lowers X 

4 

too LOW 

too LOW 

Lover B 

raises y 

raises X 


Once the correct values of B and L ait found, or.e can proceed 
spherical algorithm. 

ii .. 
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^JFrotin POLYMATH: 



1500 ^ 1459.5 


^ tjfl /d ( 13 ^ - fcrti t a / (po * y) ■ [ I * c &J * * K I 

J r , 


d(K> /dEi)n -tJi'Ac/FflO 

P*-L5PQ 
*Pi»Q.S 
*«0*&5Q 

Thio' 


o ■ > 


Fao = H^*j 


x End jf vs z 


M 


^0 „4 

Kix 


■ . 14 LG - - 

■i U H h 1 




2S 


. »-Cd&*y* [*-■>/(i-ops-xP 

*•■ *• *f • 320 

aBrr<- 




JM. 


F4-24 [corn’d) 


Emianlons; 

d\y) - tl-«»■*■) 

d. Lkl /d (t> -~ra p Ac/F iQ 

pQ«l50D 

.5 

FttQ n 9 50 

R-36 

CUDnfl . < 

k^21 

ESoQ43 

L-S4 

Ac-a. 141.fi* [1^*2" (t-Ll * fc 2) 
Ca^CaO^y* N^x) / (L*^?s*St3 
ran-k^CA^ 
taeC& c IVft£ 

*0 ' X £ - 40 



x and y TJ I 

i 

- 

s 

s-ta — 



b) From POLYMATH: 
maximum flowraie—l750nioUs 


Egxja 1 : i,an3 j 

dtyi/dtij^-beci/ Epo'yJ ■ fl*«pE**> 

dlxj /d(rl —ra'Ac/Fao 

pt= 1500 

cp5 = 0- 5 

Fap= 1,^50 

ft-2G 



Cao»Q.4 
km .21 
3^ft43 
E>24 

AC=3-14i.fr' *2- [t-M -"2> 

Cft,=Cii&*y ■ U-ic) / t J.**ps's) 
ri=-k‘Ci* fc i 
bena^a/ftp 

*0 “ *i ■ 49 


00 Fat> = 1750 


E.*ci “ 

a.rfi — 



2 



V-V> 



*9 POLYMATH: 


Iff N'osohuioi 


P4-24 (cont'd) 


c) From POLY^L^TH 
Minimum, pressure-SO kfa 

Jfyi ^d[Kj Ep&-yi ■ EL*^p?*xji 


Fm-iid 

i>9« 

ii-d-ai 

*“ici 

C* 

R■ e “ e « , y «*-*> / ( i*. Pa ■*> 

t***b*Q***i 


/*rBi*-het*/(p 0 * y j * a * cpi - x * 

Ball $f J 


tDoa :i?« Kj-pctj 





P4-26 [corn’d) 


where 


Tht raM*^onTi 

05 

dLn *3 ■t'bE 

diAts) M-r 

dSrttLU:fl<3*r**&L 

r ■£ hi □* M -S> tS (rn'v □! J ^ Jl * a-E1 - 

i S-C. 09*1 (X $3 ■ 1 -"W *<. Q5 ■ I CL 3l 
bi-d0SRlO.aJ*i'1-5*1 *L3 

■( -Ja-]3 H* 

*^*11541^1,05*10. SOM H,rtO«< 
LfiiiLil valuer: l q" Q-EX v &Eg* 7^0. 
0.0 

fLflaL ^ ■ MCB*LD s 

um -r 


nCrtalUtnd/woUl ('l+oat 


0 , coo 




"1* HTJaiions; 
dl^al Vrt i T OS 

dirtily U —nv&l 
(KniiViJ<[l».B3|iHL S3-n*al 
■at rtC s I h * r ■ V 51 

?a r K y Q| 

^ - 9 "10 **( - 51 *t I rtJy *p| 11< n£] r- rc \) £ ncjrwti ]) s( Ppd ,-y$J } ] , L „ Sffj: 

*i"tE544~n«Js|J44 

xb^. osfid, .o^iel 93km 11. ifi- ias>i 

ta—< r [15»ia33iy(54l^f] 

cbv^/vei 

Z' 1 ™ r °' 0,a - , ' Dlrj ' ***** "V is«. n, rv^ 0.5, ao 

rin*! yilur; n * O.1OIM0 5 


P4-26 (rant'd) 







P4-26 (corn'd) 

(c) Using the same POLYMATH equations, and changing values for V and v 0 . 


Change v c from 0-050 dmVs from 0,025 dm /s■ 


Key 



- xniq 


t 

4-26 (c) vo a 0,025 



I 



V- sv 





P4^26 (coat'd) 


<d) 


Evaporation of D aia rate of 0.5 mol's chances the mole balance for species D. 

dNr 


in _ 


di 


= -0.5-!- rV 


Simulations show that N D is always negative. Therefore, set 
,dN n 

pjp E 0. where N tJ = 0 at t = 0 
See POLYMATH soludon below, 


4-26 (d) 

Toe equal tons: 
dtvoD/df 0«.05 
dtnaJydt t> E -r mvd! 
dCnbWt i)*.05 *1 0>33-rxval 
d( Htc3^d£ 

dtndlsdl 0 = 0.0 

r 3 3*lO)tx{-5iKC<na/vol) Mtnb^oL tfic/vo]3 Htnd/vol3)/LO0& 

x*-t1544~naM5-H 

xb=£ P O5Mt0*a3iE-nbVC,O5K!0.33*(tfLt3ft-IQn3 

ca-na/vat 

cb=nb/vot 

Initial values! t q= C.O, voSq= 2GC.CQ, n^j= 1544.0, nt$= Q.G, nqj= 0-0 
/ "<tl = B.O 

Pinal value: = D.lDDiLG 5 



V-S3 






P4-26 (coitt'd) 

V = 300 dm 3 and v* = 0,025 dm 3 /* 



V = 300 dni' 3 and v 0 = 0,100 dircVs 


_ 4-26 (p) V=300 and vo = *100 



t 


//-ers - 




“ 0.2 ft'Vlbbol 


XlJs&l/ft 


0,5 IbcoWft 


ioO(ft ) - 2 C 0 


Until Lb it P li T3ifld ii 


IntlOO+30? J) ) -IqUOO) 1 


1 bifl o i e i □ 


P4-27 (tortt'd) 

= 0.1(30-20(0.91611 « 1.157 
X - 0,669 

N e " N a() 1 - (IQOUbnol (0,tg9> > 131,60 Ibnsl C 

v ' V n ft 

t> -U(2-X> - kC M I t - f - U(v 0 +,D] | 


-lotl’I) *■ (0.2)(D,J}[t - + 5 O -la(lOO))] 


Intl-X) - - O.lt + 2 In(100+5- Sln(lOO) 
I I - r 0,lt 1100*5t) 2 (l00)'‘ 2 


i - i - t lM±5t j -o.i* 
1 100 ' * 



I 

0 

0 

5 

0 r 053: 

20 

0.172 

15 

0.317 

10 

0.459 

25 

0.564 

20 

O^BS 

25 

0.772 

40 

0*815 

45 

0.662 

50 

0*917 

55 

o,m 

60 

0.960 

10,000 

1 


c) 




V 





c 


H 



BO 


“HoCt thst 3 is tted Ep i£ the Lie: fits ■; it is 
pro-iuced . 


N : = ^0 1 

N B0 = C BO ^0 “ (0,5) l b =el''ft 3 UOOHt 3 = SO lbtvoL 

. „ _ ktC AD Tt “ K SO I}M BO 

“'A ‘ tC A C B--- ~1 - 

CV Q + »t) 

tf-S 5- 








F4 -J9. 


This problem was solved using POLYMATH. The equations used for parts 
a, b, and c are given below. 


{J[tal)/d{t)=Ufuoa/uo)’ ,I caO“Ca 1 )/tau)-k*ca 1**2 
(t(ca2)/d(tM(cal-c32)/tau)-fc*ca2**2 
dica3J/ttH)='lfca2-ca3)/lau]-k*ca3**2 

tau-1 El 
k-0.025 


cao=2 
uoa- Ml 
UO-28 

K^luoa*cao-uo*ca3i/(uo3*c3o) 

tfl » 8 
cal 0 « b 

C32g n 0 

ca3 e = e 
tf * 70 


From POLYMATH, the steady state conversion of A is approximately 
0.39. 


b) 


of the steady state concentration of A (the concentration of A 
leaving the 3rd reactor) is: 


(0-9?} (0.6110)=(0*605) 

A concentration of 0=605 mol/dm 3 of A corresponds to a time of 
approximately 64.0 minutes. 



Below is a plot of the concentration of A exiting each reactor as a 
function of time. 


P4 29 fcorn'd) 


Variable 

In11ial value 

HaxLdlb value 

Hint wsjm vain* 

Fin&l va: 

c 

D 

10 

0 

70 

cal 

0 

c. erane 

0 

0.123376 

e*2 

□ 

O.703B7& 

0 

0,701375 

ca3 

e 

0-fr0&lll 

0 

0.600111 

VOB 

10 

10 

10 

ia 

VO 

id 

20 

20 

20 

r*o 

2 

2 

2 

2 

tau 

10 

10 

LO 

10 

k 

OhQ*S 

0 + 525 

0,025 

f) 0 25 

* 

X 

1 

0.391596 

0.391530 


- C#? 

-C-i3 


fc.tWO 


O.fiOO 


0, 400 


o. ?ao 


P-000 


71': . r - T lx M t « ,>7; 

CiTff T,*,r^ €m\, C*a- r £l3 I 



d) From POLYMATH, we found the conversion to be 0.30 
99% of ihc steady state cdncentraticn of A is 
(0.99) (0.70)= [.-593} 

Til at corresponds to 4& minutes 

Below is a plot of c once ration of A exiting ihs three CSTRs as a function of time. 


e) Varying any of the parameters effects th; resuli_s rather dramatically, Increasing v 0 
to 50 caused the conversion to go to .69 and decreasing it to 11 decreased the conversion to 
,12^ Increasing V to 1000 dm ] increased the conversion to .57 while decreasing it to 20 
dm caused the conversion to decrease io 0.D68- Increasing k to .1 caused the conversion 
to increase to 0.67 while decreasing k tq 0-001 caused the conversion to decrease to ,054- 
A person can see that k and V have the most significant effects on the cooversion in this 
case. 


4'0f 



P4-29 (corn'd) 



d [ Cftl ? / d [ t ) ■ { ( [ Vfl* / V-B J * Ci Er-c AI 5 /14 U1 ^ - * 

dtc*2) /d L£) * H«1 -h 3) /taua )-k-c*2-*2 
dfcaJ] /d( tj ^ [ fca2-c*3 j ) -k*c*J*-.2 

Vtoul^IO 
votl5 

caonj 

k=G,0Z5 
t4Ul *1.3,3 
tftu2«10 


X« ^oa'c6&-Vo-c*D]/< vd«*c« 9 | 

t n "0* _ - n 


'2 


Initial valug 
Q 
{] 

0 



Variable 


HfcKiftuw Vfl 1 -J e til niff ana VJ1 1 l l t*- Final valug 


1,00031 
0.82789 
0 -701217 


0.474088 


0,. 4 “74088 




P-f-30 


(a) 


C.-CJl-X) , c,*c„x 
X 


K c 




C A ,(I-XJ ]-x 


f - h - 0 5 - 
*" l + JC c 1 — 0.5 


0.33 


(l>) For a conventional PFR: 



- « 

F "av * _r ' 

-f A - k(C A - - kC^((i - X) - X/K c ) 

For The IMRCF: 


cUF* 

d[ f * V * 


£j[ 


r A v ( ” v.k c C, 


-r,=k(C A -<VK c ) 
C A = F,/V , C,.F,/V 


V = v 


fc+F.} 

T * F„ 


Use These equations in POLYMATH le generate plots of the conversion profile. 

lot 



tf-fr 


P4-30 (corn'd) 





' ^ ”" f“ «* MRCF b POLYMATH » 8 ™ rate to d^tod 


2,i2C _ tcl ^C“ 











F4-30 front'd) 


id) 


0 y Varying one parameter ai a lime w E can see the effect of each' 

increasing the specific reaction rale erases changes in conversion conceniraiior, 
and mDlaj (low, rate 10 Occur mere quickly. 


Lowering ihc transport coefficient 
causes a decrease in conversion. 


fit,) causes an increase in both C, and F„ which 


By raising the equilibrium tonsran; (K,), 
of A and in increase in eon version. 


we cause a decrease in the molar flow rate 


(e) 


* S iEl nC “L aCntSt ln ' cm -^ :ulc 4ii ewiherTuie reaction would drive the 

reacuon m the reverse. This would cause a decrease in X and C* and an increase in 

A significant decrease a itmpetnurt fee an cxnbomic feacdoo would cause 

lowering C^ C ra ‘ e ° ° WOuld ^ ve U P X *ld C,. while 

a^3tcsiK."- , «- “'" do,i «=™ ic *»*■* 

A decrease in temperature would cause in increase in the reverse reaction for an 
endothemuo reaction This would raise C*. and lower both X and C 4 . 


£4-31 


(a) Use the following POLYMATH program to generate the necessary graphs; 


*-Jl |A I 

dtfb 

CJ i * ^ I Sd (v) wra-PA 
d i fd\v\ 

k = iO 
kib=4& 

Vos* log 

kfc-.*1 

vfw VD r f -_, 

Cfl=fa/ V f 

r?=^7v! 

■ kCdL" f h 'v f 


4-3i la 
J i= . 






iSCb " f b / v f 




fc 

ia 

i$v 


r ‘+ m _.y^_ jj.'. ._*■ 

il ii'i 
Id 


in :i; 

* « 5i: 

113 US 

ifle :as L't 


3 ;czi ;2 
: i~U:u 


?! LA.au 011 . 

■ * ?'1-ij,L v*!' 

3 

3D 

4 

Ir lilli 

IVIIH 

41 J14f 

9 

4i in 

lH 

lo 

1 

1 

44 

44 

109 

IDO 

ion 

140 

e.fli 

0. a X 

1? .414 

l»-4|| 

a 

J 34*114 

It CIJ 

11.411 

3 £a4|J 

4.J04H3 

4 

0.4L9id5» 

0 

fl-J^llDA 


C.5JIH 

- r.ni c 

-10 


a = saii 

D.7#*4^ 

-C.IT3SJI 


V-^5" 
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Mote BaJi&e 


P^ic Law : 

Stoic tudmetry 


equation ir-d Ac prognm above m POLYMATH to fisficnie curves for 


Cb) Membrane Reactor 


tb) CoQveQlloanl FFR 



CPP4-A 


CH 3 I * AfcClO^ —> CH 3 C10 4 + All 


0.7 boI/ 1 CBjl - C fi0 

0-5 boI/1 A*C10 4 » C A0 

V p 30 d. 3 
o 

. r «l/2 

f Cl? 3 I " CQ ? I A|C 10 4 

t » 0.00042 T-190 I 


1 - 0.98 

U[ * T AiC10 4 , U *- CH 3 I 

r 1 


AO 


al 

0 -V 


V ■ V, 


(Liquid p h *i c ) 


0 J " 
^AO f 

1 k -L 


dl 


0 k Va 


3/3 


dl 


“ V' 5 - 11 'm 1 ' 1 ' 1 - 1,5,1 


, j 1 

* ‘ * ^ in J ° 




0 £7/5 - Dtl- 13 


3/2 


Xnttfijaiioa far £ = 0*93, salvtd. smseEiciLl ly 
1_ 


0,00042 tO.5) 


3/2 


<24 + 133 


i - l.filSiltT jtc = 45.2 hr 




Mole Balance 


Um POLYMATH Id plot C A vy , 


Saaition^ 
Jftc*)/ dit» 

^■a-4.5 

ve-iijciQo 

**150&{]0Oo 

iKO.aois 


til" 


ib) 


For sreadv-siaie 


1 = 4-6-—— =641 bn 
1 + ik 


*•"«**« - 


kV + v^ 


930 mg/dm J 


99% Ot Jhii 15 2.9^6 mgfdflv, which ii below ;he siandard of 3.0 mgfdm 


Mole Balance ; ,f -F i,v 

dN 


d! 


- -c.v^-kc.v 


Uie POLYMATH io generate plot of C and N vj l 





W 


U&e same equation* is m pan {aV 
bun change C,^ ^ 4 5 iq k 4.5 



i 








t - 1000 


4,5 

4,5 

60000 


00000 
1.5**07 
0.0025 


4-b [*) 

loirs: 

/d(t> * l|C3Q ¥ VO/vi - (CO' jfc"V*V(0 /v) 

5M-4.5 

*0-8000G 


▼■1500000 O-IQOQO'l 


Initial valu 


KdJC 1 SLIP 1 'J e 


l + m 


(d) Use the 5ime equations in (a) except two values change: 


V = I500000G-100001 
v 0 = 30000 


The reason the graph looks so different from (a) is that pure water is 
evaporated, but water with atrazine is coming in. 


M:ninun v a1 ac 

0 

3 *»m 

4 .5 

a co oo 

s**06 

0.0025 


FLfLJl vatuq 

lOOO 

3 5 J IS 

4 5 

a a coo 

5**06 

0,0025 


CDP4-C 

a)Hnd the number of moles of receptors: 

cells__ receptors . 1 mole receptora # lOOO^fl = 1 66 * W 1 * M 


l X10 


mL 


* 1Xl ° cell 6.022 x 10 13 receptors 
mol 


1.66 x 10'” — + .OIL = 1.66 x IQ -11 moles 


Design equation: 

Rale Law; 
Stoichiometry; 


„ dX 

-r A = tC A C s 

C,=C Aa {l-X) 

C t = C, D (0, - x) 


Where; 


Total number of moles: 

1.66x 10" ,: +1 x 10"* 

hence: 

1.66x10'” 
y * ~ 1.002x10"* 


*,= 


1x10" 


1.002 x 10"* 
0.99 B 


= 1.002 xlO"* 
-0.0017 
- 0.99S 


Combining and solving: 


0.0017 
dX 


= 587 


___ 

O-xXe,-*)" ff A0 

1 i _ ^C AO t 

0,-! 9,(1-X) 

r = 0.071 min 


b) Assume C,, - 
Design Equation: 


Rate Law: 


ir & 
l, "~& * 


-r. -tC.C 




C A — ^^(1 " X) 


H-7/ 


Stoichiometry; 



CDP4-C (con fell 


Combine and solve 


A very good approximation. 


dX _ kC AP C M dc 
1-X N* 

^ 

3 " X N ap 
t =0.069 min 


c) Design Equation: 


Rale Lzw: 


Sloichionfctry: 


Combine and solve: 


, r dX 
AX = Cl 

” r >* “ O — * f C c 

C,=C At { l-X) 

c, = c„ 

C c = C A0 X 


-X)C„-k,C M X 


k/CjiaCrt " ^>^#6 ^ 


o*/C„’%c w +*J i * 

-- k j£n - 

k t c»+K k,c n -x[k / c K +k r ) 

—— In- -4 -- 500 

-i+,i .i-jfti+j) 

X = 0.5 


5 C 

_ 


A'-W- 







£HHUjlE CSTK with f.-aciioj;; 3 - ^ -i A 



V * Jfl ;il. liqMd 

T * 1 {jd p c - 5 "7 a * x. - e?z-p 

P * SQO ?ii.( 


-'S " ^ C - Cg 
2 


Liquid ri«d 1* x silLurt of A tad !?* . ’ „ - l *■ j-^, ■ t $$? 

^tctux c p £ Is* coBCffEjtfttiftn * f 3 13 the feed, met 41. 5£3 .. c h e 

specific t^t^iLT* 17* t l h * sglet^sr ? 11 ; h £ + z 3 d t L* jmls&ilitjr of S n 

tbfcl pf tbavpB.«Dt A. AjjpfiS that iSy ji* plated v l 1 te*ctiais i •, 
*l»lMtB«Bular rtpli.ee d Tii ibaor?tiGH of 3 2 a , E£ ite liquid nactiju 

■iiLQre. Thz a it 500 pii(. 
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rr 

F A0 - F Af h *“' A ‘' Tg«l . F u - - 3.T2 llwle/ir 

- A I 1_1 . 
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Ajisibc that tber* it to vclaae ettije ic cdb^isF is; tbsuEptiopi T\j 


0 ££ & 


V ■* CQ£.J £43.. j OI 


V 
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x- _SO ULQ-TC _ (10 'm.TlMbieolt/fcr . . . 

So K V = V IHjIpl/kr " 4 - n 4 iQ 

u Q 


Bjin* eqaicioE foe » CSTR 

V „ So 1 


So 1 


V C ao tl-X)C g 


v J 

D 


V( I-XIC 


x,r 


2pf 


t- » 


nl/hrMD-S9) _ 

Ja m CQ.Qiafi lfraaU io.ai) 


X * S -^5 x ID bn ale “ li e ) 

^ i t h. rtictor *l 3 00 p i i i # Jlflnry'i liv 


L i p r 

1 1 - “to 


3QD*l4.7 , 


.314.7, 


■ ■ \ (3 °° ** A *> “ S, ti0 ° ‘ <- oloaJl 7I7t? : 


^■T “ 0-GX27 lisnelE^'il 


Let 


csayeriim b: ^licu pressure ■ 300 pli£ 

t 1 , 


F i 1 - 
_ *0^1 


' s 0 t 1-1,1 CH ifl-IJC. 

2,300 * U Z,3 00 


Jb_ = ffO s»l» f8.<9ilQ 3 ^. I/lbaol-bf MS.OIOI I'asil/ztl} 
1-J, 85,3 8 al/tr 


F n = C y 

“T U 


2 P F 


= t‘ pl2 ^ l>Bgir )t Sp^u l.; = ,. 1S4 li=aWi .- 
sal h£ 


r _r_o U ~S J _ (3 .ti-isT 5 ) . .. _ 5 

-^F 1-1 H 2-2lxX0 

n 2 F TO A 1*^4 


lfrnQ [ i? 

nl 


^--' 75 ' 
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CPF4-.E A * 2B —> jj} 


} S^^tiotoetrie l»ble - BnU: 1 rwie ef A fid 


Species 

CbAD| 

C Out 

A 

1 “3 

1-1 

P 

5/2 -11 

5/2-21 

D 

0 421 

21 

I 

3/2 0 

3/2 



5-X 

F To ° 

_ V . 

3F ao 

<1-0,UW 

a 

c „!i_ 


ei-r > 


_ _ AO- - ti-r> 

’ * 0 <i-o.aa> ‘■AO 


C, - !t. . e w -m 

B v ■* (1-0.21) ^AO (1.-0.,ai) 


f . .. l W» i _ mL 

v * (1-0.21) C A0 (i_o.21) 


o 


AO 


AO 


r A0 F T y A0 P T 

a .. D 


£T 


JO, JJ f 5 


(.0S2]d« tiaS so J 


^AO ' O.037 Hdl/dn" 


~ r A w ^»5 C fc j j C 


r 3/2 _( 


AO 


PFR 




3/2 


V n p 

AQ "A 

Q n 


v = c 


ao * f -g-g-o.a) 3/3 

AQ oJ 3/? */-* 

• J ' s C A0 u-jh^^j/mxj 


V - - aq 7 f. 


f 


(1-0.21> 


3/1 


3 * SC Jo 2 J ° C5/2-U) 


Hi 


H- 7 C 


J tg) 

E (3 5+I7JH 
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- J-P ii&MtiL. _ 





* * ITS r ffi 



I S -D.3I1 J73 


Hi Am 


) 


Nii* ■ fL t j ] lntiE-itinc, 7 i ■ I i i 
V ^ JLD1 , pi 10*411) i* 3 
T * 30*21 hS* 1 


*> V ■ I fprr( tori n? ; 4 id n r. 1 7 **ii J1 f U | I if 

i iHlCLLUij ef triiLU} 1 - F. | E b. 

T * "t 1 ! « utO.UflS 1 L - D.43 4 L 

„> L ,_2L- . iSLJJ. f _ 

5.454 0*454 i. (l , n l/a 


id if It tUi I JfP* 0 tP t).TD tp G.1D im «n 1 1 j , Vi tin hi Hlwi af tii 
b 11 * r VTi Y p 0 Wi 1 r 


I 

0 

t.I 

0.1 

Dj 

0.4 

Oi5 

0*1 

0*7 


0.M1 

G.SSi 

0.011 

D.Oll 

0.014 

0.031 

O-i 017 

0,013 


0,0*3 

0 . 0*7 

O-CSl 

Q.OTJ 

0.061 

0-OS1 

0.03* 

0-047 

C j._ ■! u. r 1 Jill ’.1 

0 

Q T HI 

C.OU 

£.01* 

□ .012 

0.041 

D.G50 

0.060 

t (dr.‘ /ej.£. ) 

40 

is 

4* 

41 

if 

45 

44 

43 

Vtdi 1 } 

D 

4.37 

* .15 

14.17 

31*31 

It-SI 

JJ.lt 

51.21 

LfA*) 

0 

?,13 

10 f 11 

12 .7i 

.5J 

53-17 

H,71 

IIO.SP 



* * x 0 OHfti 
artjuuiJ 
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CDP4-F (com d) 


t) cm 


fFOB Ii^> + 7G Cff 0 


_ c ao T o ci-i ft Ki-o,ai ■fli/sit 


2.5 C^ 2 {I^JJ 1/a ( J/2-2I? nol /da^/sin 


V __ U.oHo.is-o.tqk i-t.i(o.ul] 

2.3 (0,037> 1/2 (l-0.3J> l/2 [S/2-2C0.US)) 

V - JB.Ofi 4c 3 


(> -'A-F A ot? 


(1-X> F 


(I.S-ITU P 


C - r - f ta. s-itm f . p _ i 

A C A0 (1-0.II) F ! C B * C A0 (1-0.22.) P * h * r< P ‘ {1 " olr| 


^ - 21 r 3 ' 2 £1 nW) 3/4 


F ^ 

AO 41 


a -- 0(1-41 f 1S0(1-4>|. 

A (W>„ p ' " ft j3 [ U 

C c ° VeV 9 


1 .T5R] 


A - 4 ,. 2 . JL r—J-i 2 , 2 


]f ft* - J.434*40 J It 


* ~ 0.45 

' 'v|? *'■ w 

P * * 31 c/c^ 3 - 124,74 “^r 

ft 3 

■• 5 >tm 


V lw -«> 


7,653x10 4 


5,454 i 10 ft 


■ 16B.61 


10.117 



CDP4-F (corn'd) 


, ._ _ & Uv ft 
R( . -.17.10 —- 

f ll 

D p » 0.5** - 5il0' i ca - l.(tel0' 3 (t 

ji - 0.0673 ~ ~|* ■ 
ft.b* 


Po ' 


(1<B.61 —^—XO.iJJfeO***) 
__ ft -»1P ___ 


(0.* 1 ^H4.17*1D®-^S^-KI 1 64.10 3 ftM0.4JJ 3 
ft Ibf h* 


(150 HO. 55 HO-0673) 


ft.tr 


I- 


1.64ilC 


+ (1.75X10 ,11 

f t 2 tr 


p - (470S ■ - * >t * > - - > - 2.22 

ft 3 1*. 71b Ha 7 ft 

pi : 


ia.itua 


(5.454*10 J fi 2 )(0.53X124.74 LWft^KSita) 


- 2.37 


.3/2 <l-I) 1/l (2.i-2XHl-2.373> 3/4 
r. “ 2.3 C ---—---- 

A A ° U-0.2I>* /S 


.95 


v ■ r .o J. 


da 


C AO T o 


,0.9 5 


U-0.21> a/Z dI 


A 2.5 C 


.1/2 


U-I > (1.5-21) (1-2.371 > 


AO 

T - C103.98H0.55) - 57.2 da 3 

£ 

Vslcae D f e»ch tube: L = ^ C'J“) 1 !20) = 0.109 ft 3 


. 57.1 fc J . . lfi .3 .. 

n = 7p ■ < rX“ hj 1 “ 15 

V t 0.109 ft 3 


- t a = (c i'* h - r> f C . 


0.2(5) . ... Ml. 

'AO “ 0.092(373) ^ °'° 3j 1 


. . -E/RT . . t 

fc = Ae ==> it, - fc c 


E/E(l/T 2 - I/TJ 


if-*71 


3M 






CDP4-G 

(a) Plot t/-rA vs, X 10 find the optima] system: 



0.0 0 I 0.2 0.3 0.4 0.$ 0.6 0.T 0.6 0,9 1.0 

OOOOOOOOO'OO 

X 


From ihe chan ms apparent that to minimize volume the best system would be a 
CSTR Followed by a PFR. 

(b) To find the volume of the C&TFL calculate the area of the rectangle drawn in the 
chart and multiply it times the initial FJow rate of A: 

V = (area of reetangleKF^} = (0,80){0,75K 100) - 60 ft 1 

To find the volume of the PFR. calculate the area under the curve between 
X=0.75 and 0.90. and multiply limes the initial flow rate of A: 

Usma the trapezoidal rule . A = +0.800) = 0,126 

V - [area under the curve)(F A „ ] = (0.126)( 100) = 12.6 ft 1 


(O 


Design Equation: 


Rale Law: 
Stoichiometry: 


dX 

dV 


_ A 
Ao 


or 


dX -r. 


kC 172 

_ 1 A 

A " ! + k„e 


c, = c d 

A Ao 


2 A 
(i-X) 


C B= C Ao X 


Use these equations in POLYMATH lo generate the plot of X, C A , and C g vs, V. 




I nitial vflluj i M.Txii?m_T. v alue va lue 

0 0*95 0 

0 a &. 2 0 0 


0.2* 

0,0025 















CDP4-H (corn’d) 


t,' _ ks Pea k, 


k] *■ 0,0857 


In^L-k'. 
X « 1 . c t' 


T 

X 


0 

0 


10 

0.57 


20 

0,82 


20 

0,42 


,*£'■ 

2A + U 


40 

0.97 


v 

ita ** 


^ + ^ Scmibatch 

fcmol, C,^ = 0.015 kntol/m f V - q 33 m J 
C MF - 0 03 kmol/m 3 v = 4x]0'’raVirun. 


'fy 


W‘ 


J’ced stopped when V = 0.53 m 3 

0.33 + *tjrlO' 3 ; = 0,52 
l =* 50 min 

a) -r B =~H~!L c c 

3 2 2 ^ Lj 

From t = 0 to [ = 50 min. 

V-K D +w 

r —fliaP-Xj) ^ 0005(1 - X .) 

V d + « "* 0,33 + 4jc 10 -j 7 

C A - C ^' vS ~ J.2,tl0~'r- 0.01X. 

V ° + Mr ’ 0.33 + 4x10^1 
C* *€„=*&** — 0-005X, 

^ + vr 0.33+4*10 V 

-r„v=jv Si 

WBi * ^So^T - 

2 N »^f 

& = fir.nn lijf ID " f ~ 0-0l^)f0.005f! - XJ 

* (0-33 + 4*1 0- J ;r 

H': ' 




50 

0,99 


CDP4-I (corn'd) 


Pegging that in^o POLYMATH wc the foliowiig istle. 


nations; 


dtxb)/d(t)^60Q0"(1.2e-4*t- r 01*xbl * f.GO 5*(1-xb))",5/(*33+4 
e-3*t)^.5 
Vo-. 33 
VO = 4g _ 3 

Cb^O ,005“ (1-xb) f t, 33+4e~3*C) 
ca=(1.2e-4*t-.Ol'xb)/(,33+4e-3‘t] 

CC=.OOS*5cb/i .33 + 4c-3't) 

V=VCh+VD*t 

t a “ 0f t f * bo 


Initial value 


0.11617120 

0,23792992 

0.35763903 

0.47727115 

0.59677332 


0 0.015151515 

4.94249060-05 0.011916604 0,0015969092 

5.04&9792e-05 0.009293S376 0.0029015B44 

5,246591e-05 0,0071373441 0.003973767 

5.56903250-05 0.0053339679 0.0048701L3fl 

6.OBSOSlle-OS 0.0033040253 O.OOS629937 


after (= SO iwn, treat as ?, batch reactor iwiih a volume of 0-S3 m J and starung 
conditions: 

N' a(1 = C- rt V =S (5.7x10*) tool/m 1 (0.53W - 3.02x10* fcnoL 
N'„zC„Vt (40,6x10*) E 2 no!/ni > (0„53)m J = 2.15x10 tmol 
N' w = N' [t = (53.6x10*) traoym 1 (0.53)m 3 = 2.85x10* fcnwl 

Now A is ibe limiting roaeuat 




•(•*-*) 


c e = c*=- 




. = r? -± 

'-pc Wa _ 




CDP4-I (eo-nTd) 


ii 




40.6 


X*-*J 


,Ll 


01 = 




5 7 
dX 


'7*12 




P 


dX A ^ . 

-0.143(1-x, 




OJ 


4 _ r P ‘ TO “ l0 POLYMATH get the foJoiiag ubJ E . 

Equations: 

«C«0 /dft>«*!43-(l-sc*>-(7. 

««o»6.(Og-S 


. 12-X&/2 )'.5 


CcGp.0056 

iC»W(l-X4) 

|Wvao-{fi2.4e~K<L/2) 


«*ecotcao*Ka / 2 


£ * 6e.fi 



w 


xa 

0 


ca 


cb 


0-63819307 
0-^0114376 
0.96&49514 
0 - 98992635 
0* 99S7B1O0 
0 - 993972 0 $ 


6.OSe-05 
1.09S9O42e-O5 

6.0203449e-0fi 
1- 9l92549e-06 

5 , 1345493e-07 
1.9$0325ie-07 

6 - 2601 S 23 e -06 


0-003305032 

0.0037340765 

0-0037773922 

0-0037755416 

0.G03774SB87 

0.00377463 

0.0037746133 


Initial value 
0 


ec 


ftc equidDD for 

r\.._-_.. ' ' *' 


0-OOSfi 

0.0056209555 
0.0056274393 
0,0056294904 
0.0056301433 
0-005630352 
0 * 00563 04187 


^^ IcmibaIeh X t = x,. Dv^g d* btt* sugl 


r A ' n ~C t V 




CDP4--I (corn'd) 

During lie senitbaieh stage. 


r 


when: N„ is the total amount of A introduced in die reactor by the time t, and N* is 
the amount of A left In the rtactor at that time, so 


,, C^vi-C^ + w) 


During the batch stage, 

X' _ c *<2r v, it" C * V . 

* C vt 
Wnr'D 

whett tn is the time at which the fiow of feed was stopped. <i.e. 50 minute*) 




CDP4-I (cont’dj 


0.99S476S3 


0.999431 4 


O'.99945293 
0.9 9 983527 
0.99995 045 
0.9999547 
0 .99999525 
0.99 999852 
0.9-9995954 


d)Ncw reaction rare 


Setnibarch reactor 


concentration equations are the same as before, so. with 



CDP 4-1 (confd) 


dXf, k\ “t 1 -* 

~di 


d%_t 

dt 


2 

3E30I 


K 




^jot^o + v '0 

ffl,Z MO^-O.O^XQ.OQ5{t-y,))‘ | 

.033 + 4" ID’ 1 ? J 

\ 

Recall that in the sedibalcb reactor stage X ft = X B 

Tbc equation for the conversion of A remains ibe same as in part a, 

(.033+4*10^) 


X> 


1.2 * 10 f 


al equilibrium. -z t = 0 

c ~ £l 
C * Lt K 


IL 

V. + vr 


. „ *n* 

(V,+wl) 

__ = (J 

(V 0 + Yt^ 


(l .2 * I0~*f ^ O.OlXjuf) _ ( 0,005 N | 
”033 + 4* J0' s f J 

Solving for X fl . X A and X aE we obtain 


*ijl = o 

10 




CDP4-I (corn'd) 




I Kb 


Xbe 


20 


40 


5 0? 


80 


TOO 


1 20 


140 


160 


1 BO 


200 


220 


240 


260 


200 


300 


0.786 


0.769 


0.74 1 


.0,705 


0.653 


0,604 


0.547 


0.453 


0,446 


0,406 


0,371 


0.342 


0.317 


0.295 

0.276 


0.189 


0.363 


0.5341 


0.677 


0,791 


0.07 


0.319 


0.947 


.0,964 


0.974 

p 9ai 


0.985 


_0 988 


0,99 


J3.992 


, 0-182 

. 0.337 


.0-464 


0.566 


0-644 


0.702 


0.747 


0.78 

0.805 


.0.825 


0.94 

0.853 

0.863 


0.871 


jO,070 



4 -?o 




Q>V 4 -,T Liquid phase 


A 



vtU mned 

rj mDgV or o :£dt 


L Mob balance on bach 


N^SJo-fAV 


t-W«! JUfr 

I * f A v 


2, Pju= law 


■= k CaCh 

3, SKrirhieiajctiy 

liquid plusc V “ V D (baieh) [if flow u ■= uj 

BB “y^ 3 R^ = §^4 al 


4, Combi ne 


-r A -i;Cio U-Xi* 


[ = N A0 JiX- = *Aa d2.=c A o _^_ 

1 - f AV V Q l *r A c ao| 


■ =* _J_ . dX_ = i f X 1 

^ Cad ] (1-X) 1 kCjwU-XJ 


Table of reaction integrals tan be found in Appendix A- 10 > p. 715 . 


[0.0 L dnP/mol min) (2 mol/dm' 1 ) 


fjLSJ 
Li-0.91 


i = *50 min 


1. Mole balance on C5TR 


v = TaqX 


H-V 




CDP4J(com’d} 


2, RzlcLivw 


" r A E k CaCb 
3 - SiDEchlorricc-s- 

liquid phase i> = u 


Ca=^ 
A v 


£A _ (I *X) 




C^(l-X) 




vq 


Ca*(1-X) 


Combine 




tciosi -X) 3 

5. Paratnetej evaluation 


IQ mol/mm 10.9) 


h) 


(o.oi (ln^/tawlaunjfj n»L/’dm 3 } i (1.0.9) 2 
V = 21500 dm3 


1. Mole balance on PFR 

if Dfi pftiruit or phase change (liquid phase} therefore 


v-Fao[ $ 


2r RjUC \%W 


-r A "tC A CB 
3, SioicbiDmcrry 

liquid pb&££ V = u e 

v u 0 -^-wid-X} 
C 6 -f.B _ F ^l' s B- ^Xl 

4 r CocubiDe 


Cm Cl-X) 


r A = fc Cm (l'X} 1 


v = Fm | -iv 

s=ci 5 
v = f*;.x ; x i 
kc^u-xj 


X-- j tiX 

(l-X)i kC^J, ci-jg* 





C DP4J (cqnt'dl 


5. PaTimc ter cn'iI 


HO nK-^mui} 


JLO_ 


(-01 dnrVjDct nun) (2 indl/'dnr 3 )^ 
d) Solution jiJTTil p.t 10 part (1) ra fc) 

-r* = k, C*Cg * a< oqiiilihriun , -f* - 0 


cm 


FFR 


X. 


*d 

Kc = — ^ ■ - C «X = _ ^ 

C& * Cj^l-X) 1 CtAl-X? 

Kw 2iod x LmL „ 4 
<W 

I ■ IX 4- X 3 - -jX__ . X. 

KCm 4 

^■nsxti-o 

X. -O.fil 


V - P *rP c „ 


*r A 


F t0 X 


*Cm[C« [1.XF-jg-| 
X - (.98) X, a .60 
w_ (10>(.fi) 


11000 6m* 


(.01)O)[(2)[(1.6)l. J&H 


v B 250 


IV 


-dS. 


2-25X + X 1 

v = 250 jj-[fl0) - 4.115) * 213) 4- 4^.45) + = 

250 ®^-(l +4f 1.41)+ 2(2,41)+ 4(5,26)+100} 

V - 250 ^{flD) +■ 4f v . 15) + 2t(,3j + 4145) + Ififl 
= 250 Q-^S-[1 +d(l. 4l)-*2(2.41) + 4(5.26) +100] 




tf-l* 


—X 

KcCaq 




f a p F m P1 + R*(1-*, 


F a = - X) = F M [l + /s(l - X 0 )](l - X) 

V - v 6i (1 + £,X) =v o [l + R[ 1 + E 0 x g )](1 + E s x) 

E o - ?a* £ = 1 


Combining: 


C .i-c 

1 v c -{[^r +J r t )p +Ej x) 


t/ - (^8 + ^XD^( J *a JX 1 * ^ + ^ 0 )} rJ/ (l-CjA') 
l+flfl + X,) Jo i-v 


Jo l-X 


We also know that X , = 


i+*(!-*,)• 

P„=l S0 R.5. ej ,^±^L)^^., 

Two equations with two unknowns is solvable and the answer is X, = ,495, 


— - - 0.0025 
dL 

dx _ -r A * A 


x + Rx 

s 0 = ■- 

. 0 R.x + 1 

Plugging into POLYMATH gets the following: 


CDP4-L eont’d 


E^uanlons : 
d[pi/d CIh =-_0025 
d(x[^(L|=-r6M/£ae 
A*. 02 


initial yalue 

Q 


H=-2 5 
cao- l 01 


pa ■ 2 


ft-S 

| T | 




ri^y v 


e j t' 


KLi.fei* 

i ■. V*', .1 

jcoh ta*EL*pc) / 

1 

a 

If 


14 

epcH-d+H* (l-xo) J / El+fl* [1 *xon 

P 

i 

T 

4-im4Li 

1 n 

1 tTI 

qjltjji: 

ca*£ao*p/ptt* Jl+RMi-xnJ ) Ml-JO /10 

i 

5 M 

*.H 

4 41 

14} 


{» 

fl-t 

4.1 

□ 1 

n. i 


k 

3 31 

4.11 

4.34 

4 11 

*0 * <*■ ^ » 10 

EM 

t qi 

4.4| 

4.31 

d.flL 

P# 

1 

3 

3 

3 



i 

3 

4 

4 


po 

« 

a (tm 

* 

4 Li 141 


w 

* 

L 

4.ii4m 

4 T4430T 


■1# 


a 

4 4144111 

4 4141111 

X 0 = .15 

Jtb 

-4 4LI 

o muii 

-4 .flit 

-4 4111414 


CDP4-M 


iL.fit 

- tc^c; 



v-v 6 [l + li{l + ^ fl }](l + £ J X J ) 

F 6 = F, e [l + «(1-X.)]- fJ[i + *{l - Jf 0 )]^ 

' l + fl(l-Jf 0 ) * 

£s = \uR(i^ 0 x,l 

£^y M S = . 5 *-l = -.5 
R=A 

y 

x =_ ? - 

1 1 + J?(1-*) 


*/.^r 


Plugging into POLYMATH: 





It 

It 

in m 

vj 


IK.t 

0.Dgf3jg*t 
D. DAI IJ t 

-e Chtliiiji 


a G^IJUI 

* . DC*Hfl 4 I 
-A ^aiiii^ 


pDP4jd cont d 


d{VI /d£xo3«fflo/-ra 

k*10Q 

£*o-l 

Vc-IIS? 


rniCLAt v-alue 


MirJCO/a+H 4 rt-XOl 3 

U + R* [1-XOl ? f (U** l, l*cpso T MO^ 3 
(1*R* fl--X*3 3 * U-XHj 

tb*E*** (UR* tUxc-3 3 -£rto* 1UR.* (l-*03 h p xs 

Vwio* (HrR^ (li cpco'Ho I s “ c l+*p*B*Xl 3 

e*»C4/v 

*■* 

w»4^ji'cb *“* 

**0 " “f * CKh 


S, I A 


V vS’dW' 

i'j fc$J§W ' 

ifW9P* • : 




Vt=13g mi 


r:DP4-N 


a) Develop new design equation: 

Fa K -Fa Lv +hr A nrAr 

_ Zfh lf + fa & 
As 


dF, 


= Hj-^ 


dr 

Fa^FJ M) 
F * dr 


■ = -r,n#ir 


Then rnakc r. a function of X and solve. 

-r,= W, 

= £ ia u-x) 

* (j + eX> ’ 

4 0 + fJT) * 

&, = 1 
c = 0 

dX _ kCt t [l-Xfxhr 
dr F At 


1 ..-I 0 


dx 


kCj^hrdjr) 

{] - X) 3 “ F, 

X 


l-X 


kC^thr 


i 


2F 


45 


X = 


m 


kcl^u^ kClghrX 
2F m 2F m 

^ ^ * “ -*1 T- 


2F_ 

JfcC‘ c ?irtr ! 


2F 


4C 


X = 


2F 


4C 


1- 


2F, 


T 


H -17 




Plugging this into POLYMATH, the following graph is made 


,*. ■nmtippj r 

tW/dUrl-m 

*■« 

• *.. 


ODC 


c.ioc 


c) Increasing die value for k increases die conversion. white decreasing 
n decreases the conversion. Increasing F^ will decrease the conversion 
and decreasing ii wilt inimeasc ihe conversion Locreasing C*. causes £ dramatic 
increase of conversion. Similarly, decreasing results in a large decrease 
in conversion.. Increasing the beiflit will only sLighdy Increase the 
conversion and a decrease in beighi ccuse: onJv a small decrease in conversion 
Increasing R decreases ihc voSurrie of the read or. the re fore decreasing 
Conversion. ^ncrtasinE R. will in crease Eht conversion as volume increased. 


CPP4 ^i 



Iq k H 1 g / da" 

S Q - 50 £ / da" 


* “ ( cell fortedj'j fabitr«t« taasaned 


Cfll tilincc, 

AcCHhUI itiop » In - -Chu * ISSFIltiDD 

Ko f l 0* 


im 


- JiVJ 


Comtktit volume , 


Ti + S 


Sabiint t bilinpc , 

diy.sJ o jm 

dt t 


£ r c * I It QiiEltnti:Cc 


Constant v g 1 Bitc 4 
dS jjJ 

dl T ™ : 


4 $ 

1 %). 


\Ki^ 




i£ = ~ 1 '..* S 1 

4t K (E s + 5) Y 


b) Tq order to do tbii eiattiy* Oat woaJ-d i*ve to solve t£u 1 1ioai (3) 
linoltaaconsly. Tits con Id bt done nnc cr ic il 1 ^, Hevevtr* tie jjEavth rate 
is essentially eon&tiat except ‘■ten lie jnbsirttc Gciccctratian beooiac-S vc1 


V-ff 


sail I; 



CDF4-O(contd} 


■S2SBhr" 1 Jo 


*'i 


-S1P3 

■.9283 

.8213 


IQ 

j 

I 

*05 


A* * 'ini ipjfu| lP | :. h I pm 


■ * S3 he and *olr# Elh 


4 " t*»« b* (3 , lht eonenaCllclfln Li 

****** * tU1 **** t« Jtweifr th. i^tsiiuiun ti* t t! - ,, 
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f 
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CDp*1-0 (cont'd) 

Fran £q F (4) pert i) 


I - 


tP/V)tS 0 -S) 




Substitute (be relilion tot S into the iba*« eqnsliOd. After («! sliebt,. 
X » 


t-TfS.+K-lt 
Bli- 5 —I- 


p oT-tp /tDt-f 

1^1 mkl 


where 


AL 

dr 


To find the oilman sill co»e.ntr*tiO». ilfferontisto end i«t eqotl tu it(e: 

Sol equal to tero. Th» only eatboen It *♦ After snoe tljebri, 

0 _ .496 7 - . B 3 0 4 t * ,, ),Wi 
(.0415 + ,78t - 77 

0 ■ ,496 7 - .1304 T + .J444J 

S&IvIbk with the dritic c4&htl4*± 
x - .,9163 P .7S7? 

Hi* sc eerresp&DdiflE flow nl(J tre Sl.fi 3 L/hr P ^S.79 V^nt* The 91. Ifbt 

flow ntt is t eeftuinftltia iclaijoc bee*a*e tbii i* l c5llter CilL ^ 

Lllovtblc flow rite ipirt a). 

At F ^ 75.79 I/hi, the cell eonCqairition it 

The btiiDQffi cell caneefltritlOP Clh ho tilcnlited nsin| f = . 7 ^ 79 , 

YE^ t 
<r ns is t. 


Tt5 0 ^ V * 


* T * (f W ~ ® T1 T ~ * 


9.3*4 s /l 


77 ^ 


F - 75.79 1/hr 



Int cfni in* 


SftlTini for I 


CDP4-0 (coni a) 

At this nblinu CCtiC test ration* ib,t tetnil irOtftb. f*te ii; 

.S3f7 .331 

■t K 1 

F .QX * 7,93 
« . S 2?0 I ,*" 1 

4}>piroi imUioD Chit u ■ ^ * -S3 hr 1 it ill tine* ii in dr ad vilid. 

D1 £ 

*1 EJiYidt 1 :<!OIL)Ols (2) and (4) frOw Jmrl (b). 

{- M SI/iX c +S»T> - b I 

jyi = m.X _ s _ 

il ’ f M SI/t, ♦ $. I 

\ pnX & J 

After lone iLfahrftic minip a1A tio a * 

U 2 ' 


f .-i_ as .^-f 

11 a + C ji + pt) S ^aiK^ 1 


Fetccd tabic of int^snlij 

f mi -. _ s _ 

J * + 


ll + 

mu 


(p +■ BlTT 

HU 


+ tn n|tl * _^cT? 

i*V * Cli a .x + “ n V " 


The max. call Eonc«ntritioti will occux wbeft ill the mbttrat* it cottio»«l 

U.». S=0). 


t.ll(.Ql) t-S>. 


• 93 + t .1) (.5) ” 1.33 ■*■ t.lX.SJl 1 ltL t.Ui.OlM.S} * (.63H50) 


f 3SH 

SI 


X ■= 23.3s t/1 

43 S # * 20 |/1 

F - 10 l/hr 


7=10 1/hr 


CDP 4-0 (conCd) 

Fro " Eq p (4* pj rl 4), 


fF/V)tS 0 -S) 


tM »« S/l V S,T) + * 


S^biUtttta the relation for S into the atotc e ^ h* t i 0 u. After soar t L g e b z t ^ 

2 

x » — v ‘ I* 1 ---[j_5_ 




wtcft 


T ■ 


To find I he m ■ x i m un: ctU toneaatretio»* d l f £ * r 4 at i at e and set *qtial to i* r& . 

Set equal to iero» Tht oal^ *tkhnovn is x * After iMe algebra* 

0 , t 4!>6 t 2 - ,8304 T + .34443 
U0413 + .7B-C - T 2 ] 1 

0 ■* ,496 T 2 - .8364 x + .34443 

Solving with the quadratic t^mtinn; 

t » . 91 * 3 , .7579 

Th Die corresponding flov rat ex are 91.63 1 /hr F 75.79 1 / h r . Tho 91 * 6 3 1 /btf 
flow rate is a ueiningless solution bentnse this if greater cb*a the mtxii su* 
allowable flow rate (pm ek 

-" - At F ■ 75.79 1/hr, the cell ooneamtr *ti on 1 1 niiina. 

The maxiiena cell concentration can be caltulited usia^ r * . 7579 . 

ts^ t - ns. i- 1 .) x 2 
B SE max _ B s 

'‘..i nT + - “ n t - t2 

J B .x " ? * 32 ' 1 *' 1 
F « 75*79 1 / h r 


d-fo^ 
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AO 
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* 

r- 
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‘ r * - * <\* , V - F 
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AO 
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& E k, iO I [l-I] i IC^tl-X) 


t . ii * — m 510 n/b_- + ;jp lb/>T 
P A ^B 47.f lb/f, 3 54,0 lW£t 3 

'o = 4,SS fi 3 ^5ir * 4.92 ft 3 /fcf * 9.11 it 3 /! 


r . - , i-Jl 1 =e 1[/lr , 

AO r AO /v & “ 5-- - 0.164 ifcaslt/fi 3 
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From the mole balance for H ; SO ; : 

F b -0 + 0 = 


Concentration: 


Integrating: 


dt 


N t = lOi 


F„ = dC B 
V dt 
V=V ( + v B t 

F.dt 


v s + V 


= dC, 


c 5 


L Inf 


¥sd*st 


y* \ 

For species A mote balance: 

0-0 + r,V = ^ 

A di 

—r A ” kC A Cj, 


C A = 


N, 


C R = ^-ln 


% + V 


-kN A ^-ln 
A v, 


fv rt + v-0 dN 


For Concentration; 


0 - 0 + r.V = 

A dt 

dC, 

_—— 

A di 
_r A “ kC,C B 


t 

dN, 


dt 


C* - ” Ln 
v o V. 

F, 




-kC4 


»J V » + v ^ 

o V V o J 


dC, 

dE 


lot 


CDF4-Q (corn'd} 


b> 


Fn>m POLYMATH, tbc 4ju ! ^c: c:- - u mjr ihii w*y 


Ecru* t i QTit 

v*;. p « 
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!<A.t L H--! VI . 

_ n r’! L L W-.T1 Yi L jIS 
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v©"5 
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10 
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3S0 
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C) 

Species 






o—o + r* V i 

dC* 


di 


L “■ 


dt 




K, 


Spent* C 




0 - 0 + t c = 

^ = ScC rt C j ■ 


dC c 

dL 




PSusi^S into FOLYMA j H ^ivts i-.c fallow^ g^ph; 




d(cAj /mc.]=r* 

d (c c J /d (e} = r c 

k=Q r -D5 

kc=2 

fb=ID 

vo = 5 

Vo=100 

cb= fb ^ va ~ 3, n (J. --■ vd “ E, /Vd 1 
ra= -It * (t a. * cb - tc /be) 

~Q fc 0p fc f * 20 


Xil 

~ Ci 

Cc 
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Chapter 5 


General: In Chapters 3 and 4 , the students were given the rate law. The problems ii 
this chapter reinforce how to obtain the rate lav. from expen mental data. 


PS-1. An open-ended problem that requires students to create and Original 
problem and solution. 


F5-2, "What if. . " problem. 


Problems P5-3, F5-5. P5-7, and P5-1B all involve batch reactor experiments Lo fid 
the reactor order and specific reaction rate. The students can use differed 
techniques to differential the data or can use regression, These problems caa 
be alternated from year to year. 


P5-4. 


This problem usually trips up some students because many go blindly ahedl 
and differentiate the data (<?C A M) not realizing the data were taken iMj 
CSTR at steady state, 


P5-6, 


Differentiate the data down a PFR to find the rate law parameters. Note thj 
reaction is reversible, Quite tricky and time consuming. 


P5-8. 


California Exam Problem where one first needs to determine in the rale 1*1 
parameters from a batch experiment. Part (a) is quite straight forward Ml 
part (b) usually trips the students Good problem. Requires thinking and Ml 
just choosing a formula. 


P5-9- 

PB-10. 


Straight forward problem involving the method of half lives. 

Good problem involving regression AND thinking. May be bjjl 
rnn^ummp if the Students don't set the him and see it is the sum of hvor* * 


consuming if the students 
laws, 2 ero and first order. 


PS-11* Very short problem once the students realize the % decomposition ^ . 
s&me for different entering concentrations No calculation is necessary 
determine the reaction order. 


FS-12. Fairly straight forward problem to determine the reaction order and sp 

reaction rate. Shows the application of CRH principles to the electro^ 
industry. 


Problems PS-13, P5-14, PS-IS, P5-19, P5-20. and P5-21 are straight forward pr^ 
using nonlinear regression. They can be alternated from year to year, ^ 


P5-16. Shows an important concept where lumping of reactants is used to 
first and second order reactions. 
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F5-17. A problem on designing experiments, 

F5-18, Can be used alternatively with P5-3, P5-5, and F5-3, 

CDF5-A Alternative to problems PS-3, P5-5, and P5-7, Read data, 

tl 

CDPS-B Alternative to P 5*& } but simpler. 

CDP>C Fairly difficult problem- Usually assigned at the graduate level, 
CDF5-D Alternative to F5-9. 

CDP5-H More difficult to alternative P5-7, 


w 







Solution 

P5-] 

Assigned 

Alternates 

Difficulty 


Given 




60 

No 

P5-2 




15 

No 

P5-3 

A A 

5,7,8,18,A, B,C,E 

SF 

30 

Yes 

• PM 



SF 

20 

Yes 

• F5-5 

AA 

3,7,8,18,A,B,C 

SF 

20 

No 

PS-6 

G 


SF 

60 

Yes 

P5-7 

A A 

3A8 r lB,A,B,C,E 


40 

Yes 

* P5-S 


3,5,7,18,A,B,CE 


40 

Yes 

P5-9 

I 

D 


25 

Yes 


AA 

13,14,15,19,20,21 


60 

Yes 

Ps-ii 

0 



15 

Yes 

P5-12 

is : _ 

I 



60 

Yes 

' P5-13 

AA 

10,14,18,19,20,21 


30 

Yes 

.>5-14 

AA 

10,13,18,19,20,21 


45 

Yes 

. P5-15 

G 



40 

Yes 


G 



60 

Yes 

-TS-V 

G 



(a) 40 

Yes 

JfiS-is 

AA 

3,5,7,6,A,B,C,E 


60 

Yes 

• P5-19 

AA 

10,13,14,15,20,21 


45 

Yes 

P5-20 

AA 

10,13,14,15,19,21 


45 

Yes 

PS-21 

A A 

10,13,14,15,19,20 


30 

Yes 

CDP>A 


5,7,S,1S,B,C,E 


30 

Yes 

CDP5-B 

CDP5-C 


5,7A1B,A,CE 

5,7,8,1S,A,B,E 


45 

60 

Yes 

Yes 

CDP5-D 


5-9 


20 

Yes 

CDP5-E 


5,7,S,1S,A,B,C 


60 

Yes 


p-5-2 
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Assign t*d 

m = Always assigned, AA = Always assign one from the group of alternates. 
O = Often, I = Infrequently, S - Seldom, G = Graduate level 



Approximate time in minutes it would take a B/B student to solve tht 
problem. 


CDPfrA 


Note the letter problems are found on the CD-ROM. For example A 

Summary Table Ch-5 


Graphical 

Numerical 


PotjTiomial Analysis 


Straight Fon\ r ard 


Fairly Straight Forward 


More Difficult 


Critical Thinking 








Chapter 5 


Mr I No solution will be given. 
tL2 No solution will be given. 


= *C7 - 


Time (min) 
0 


C A fmol/dm) 

4 


of log —dC^/dt vs log C A shows a =r 0.5 


dm ' min 


lnk+ \nC 


,0“^ 









POLYMATH 


I 



Rewrite the design equation (Le-, mole balance) 
variables. Recall V ss A*- 2, Then 





For isothermal operation and no pressure drop. 

* - c *°nTS)' c ‘ ’ P ^ T 


P* = f\a 


(1 -XI 


'U +EXJ 
(V +■ eXI Pa " P*oU - X> 


1 - Pa/PaO 


1 + cX Pa/Paq 


d [1 - Pa/PaoI 



. llA^C 

dZ 

Fao 


Now wc have the differential mole balance 
in terms of the measured variables Pa and 
Z. 


Postulate 


-r A 




Task 2, Look for simplifications. 

A) See if volume change tan be neglected. 

e - yA,s & ^ {-11 = {s x 10 “) -0 


Then; 


e = 0 therefore neglect volume change. 

_ k* _ 

(SPk _ Pad k A C | 
dZ Fao 


P Q pP . ZL 
A a K P 


Bl We see that for runs 1 and 3 where PaiH : — L5 and 3-0 ictr. respectively, that 
most of the Etvln is consumed, indicating the equilibrium is reasonably far to 
the rich!. Consequently, the reverse reaction is negligible in the first part of the 
reactor, i.e., 

-r A « k'P A a p| 

q \ We also sec that for runs l and 3 thai B is in excess and ihat fcr excess B 
‘ r -A " k ^ea Pa = k P“ 

5-7 


dP^ _ l, ^ p-fi 

dz “ k “ A 


Algerian 



P 5-6 tout’d 

Tas< J. emulate (■ -^J Jrtd p | 0 , VJ 2 (Q fifjd i dJM 
< d?d ' dZ ' 

OI ' til* VS fPAf on tog‘log paper to find alpha. 

Task4 . Tike redo bfiruwj rates lr PaiWj . 3 . 0 ^ Md PaiHj _ u [Qrr 

J-dP.A ) 

“ - Fao] ^ JEsaif 

: ~ i ] Sc P.n, p 5 
' td '01 A01 *80] 

SM-M" 

.Hence p ™ .97 — 1.0 

Thmorc ta -kiP A P B - -£iJ 

L K„I 

We fcnouH y =. 1 be«uw of the^odynanBCconskteacy. Lc. 

*f*-0-kfpA, P B ,*^j 

K, - -ifrf - 

Pac Pfl. 

Tttr*J, Evaluate k' and J<-, 

tmm A,H 3 of 3.0 torr we see equilibrium is reached « - 0 i 

Pc. - 0 . 129 - 0.01 * , ] L 9 
Pa. = 3.0 * .119 * 2.saL 
K? " t.0t){lB8iy a 4totr * 1 

JU 

Fram ini rial rzic 

" dZ - " 90 * 10 ’ J 3 k f- IT9 tanrj (3.0 tore) 

It - 0.2 j fferremy 1 


C ‘ Ve «: o»t. 5 Sf tie iteo . p 


t4ll, ‘ 1 ‘ t Tol!L,t rciET&t it T - J04*c - TT7-E 


OIlti,s of ia * |u Pb4J 


777 1 WJ Ijjj 


11= J-Ot Jit 


562 79? 3 3 j_ 


tCB i>, O — , 


Ofl* - K - co 


or A —> !! ^ 


—* !! - B - C 


5 "-^ 


coat'd 


■ -I, * = 3-1-2.'.*-2 


V = v 6 — h-£X)= V a const, vol. 


iarnuij;ing 


P = p 0 (l + £X ) atl = X = 


— — m s. m Hi. _ i o • ^iiiai rtietiot ti iefcfiftibl*, 

cP 21312 ) 62 * 


~~rr~ —— m c i f ^ i ■ ua n; —r l * Jc C, (Ltf> l*t nedit) 

V iJl A ft A 

Q 


tl-U tT - cca*t^1 Than: ^ " 3t C1—K1 


JL M> M H J-il 


dt eF dt 
o 


F - P_ 


• U - “7T £twl p a * PJ 

9 9 


L-tlP a -P 


L kil - “ 111 twiP -p " la m “ kt 


io% plot Q* 


3F ~P S3iS-F 

B 


li Linear* react ion L% lit order; it i * a * id # a £ £ro» EH* pL-sc 


-tf * *.a x id no c A 


* 0 .0 00 4 3 






comtJtai V 


ln± +■ oinC 


Dif f cf ?qi i111cn 




o.o: 

-4.2' 

-0.8: 


tout'd 


-».* -».* -a.a a 6,1 M s.* a.I 


iter plotting and differentiating by equal area 


nJCVd.1 0-082 ~0.Q6l I 0.042 0,030 

Jn(-dC A /dt) -2.501 -2.797 -3 170 -3.507 
la C A | 0,896 0.554 0.207 -0,123 


Using linear regression: as 1.0 

In k = -3.3864 k = 0,0344 min' 1 


IT ■ Vf A ■ F S 


e. - -O.0J44 ^ - -o.am -r 21 — it c. - i p P i 
" ate 1 in A rr 


F b ■= (25000 |iJl (O.Ojt-s — * ■ ] - 1 8 . ... _L 

B 1 mm J hr 1000 rr.g ' * 53 ,S ■ :il 




Method nf Half Lives 


Linear Regression: 










Using POLYMATH we can corns up wicfi ibe following 


□ DO 


9,OGO 


noek'1: tr,*| I 2-c olo-1 1- 1J ^Ck K dl p 
*lp - 1,97725 
k O B. 991 tM 

? PDCKWp 3 rv*Qal>v# 


Using the equation 


Solve for kat 110'C, 


calculate the activation energy (E) 








Plot of percent Decomposition O 


% Dflcanpoi i ti an of WO, 


1 i s linear with V/F ** fijar* to thr riiht averts 






UOO)*A 


kMW 


(300 J\P, 


Law,, * c have 


l a 2$*6x 10 


-13.47 9 

3.ST l 






EiJLZ coat’d 


tHW 

A - -i l-E -1 

P A □ JI* C 


1,775 


A - (10x 1<T 4 *H10*H1 iiittKlOOO -ifanl - 0.2 


m £ * 60 |isgl- 




P - 2.32 - 2.32 i IQ , 

* jh! 


(Hisiibdot of 


Che&i tXrZj *o^ PhyiUs* 5?tl1 °* mm p * B-155) 


p_ ;t 


WW M 20 j/(mol 
F 

V - 0.5 dm^ - Q.SilO ^ h"* 

B - 1.2986tl.0 -? 

,..6,3 1.775 

* C 60 

EBsl 10 _..bwia- 3.3 

l.JSSdilQ y ---- 1 


(o.2 p^m.iiiG 15 -J'Kiooi 


1.775 


•f. = 3.224 i m 1 t ^TT )0 ' 775 Bltn 


Volume of S 1 O 2 removed - 2(50* lO' 6 * 1 0* I0' fi )( I U)( 1000) ^ 1* 10'V 
Moles of SiOz removed = 1*10' 5 {232*IO E )/60 = 0.386 mol 
MoJes of HF used = 6(0,386) = 2,316 moles 
Moles of HF available = 0,5* l0' J /5* 1 * 10 s /20=5 moles 


S=, a *i t tTF l - ~ ~ 5 J1 ' (0.2) 

= 0.107 Tcijit friction » 10.74. 

Imlitl 1ETF1 >= 0.2 Ui"'” 1 

■ zot 

dS F 


Hole tnL*acc for HF: dt 

‘ 4 ” 


pV dw 
ri t 


6 t( 




iGDtfW, 


-) a V . 7^5 


r-/7 






PS-14 

_ p p -t 



F Tq 

P A0 

p *o 




j;aO L #/b£ 

ittt 

*Ui 



l 

1.7 

Q*J 

0.5 

i 

0.05 

; 

1-2 

0*5 

0.5 

1 

0.07 


0.6 

0.5 

0.5 

1 

0.16 

4 

0.3 

0,4 

0.6 

1*5 

a .16 


0.75 

0 .£ 

□ . 6 

1 

0.10 


I. .7 3 

0,6 

a ,a 

0.67 

0.06 


fctm ata 

0.03 0.473 0.4TS 1.061S 

0.07 0.463 1 * DS °° 

0.16 0.440 0.410 1.200 

0.2 0.220 0.320 O,«D0 

0.10 0.340 0.340 O.WS 

0.05 0.5TO 0.370 2.0625 


Fr=* n 

p A = c a rt - c, 0 *r(i- x h fJMO 

P g = C a RT ~ C^RTfa ~X) = P M (e a - X ) 

x - yf/7 ™ = yf _ 

' 2F ao 2>, 0 2 

/ _ 1 f _ FaqK _ f,p _ yr^Vp_ 

^ - 2 f " W _ 2W ~ 2W 

-r' A =kp;pf 

ln(-r;)=lnJfc-alnP ( ,-j3ln/ > , 

v = /1 0 — jA| X, “ AjX 2 



F5-14 cQDrd 


S^mini T n f Alt* point* 


^ ~ i 2i 1 A li 2t Z £ " 2i 

sing tlii iit* Iron the faHowini piu 


* \ “ 4,655 A x - 4.642 * 2 - 0.4403 


A - 0.057 


A » -0.072 


A 0 + 3.BS37 A 1 + 3,5733 A, - -0,026 


A, « 0.0535 


A = -0,1574 


- 4^95 A + 3.5733 A ■*■ 3 . 6 S 3 S A, - - 0.5366 


* = -0,7423 - 1 B X 


ms II t - 0 . 476 ,ta t-olB/ Hr-It l 


A - 0.5639 - a ^ 1,0 


|J 

* 

111 

'i 

>tl 

U( " r A 3 

x u 
*■ % 

St 

«* ^ 

hi 

ll ? t 

(lm f.J 1 

hi ^ 
1» 1: 

t| 

I.MJJ 

&.47J 

0,173 

0,0404 

-0.T444 

0.IH2 

-n.74*1 

D 

0 + Ji41 

4 

0.134J 

i-0-jDCh 

O. *4J 

0.441 

0.0411 

-0.1BJ7 

0.3141 

HJ.74J7 

O.H43 

0.3*43 

: ; J 

l.IOQ 

o-*;* 

o.od 

0,1113 

■"-0.14 7 3 

0.1J2J 

"0,1471 

0,7311 

0.7321 

p 

O.iQfi 

o.uo 

Wc 

-Q.3IOI 


1 . 2fi 

-0-6331 

0.4274 

0.7441 

iu-. 

0-tJlji 

0.34O 

O,H0 

-0,04*3 

-0.4143 

O.J7I7 

-0.4U3 

0.37S7 

0.3767 

IT 1 

w- 

JRi! 

I' 

ir«Jl 

0.37Q 

0.370 

i 

5 

0.T1JP 

0,4403 

“0,J42l 

*.M3 

0.1160 

1.I1J7 

-0.#S 41 

-4.442 

OifHJ 

J .fill 

0.3161 

1.JT1J 
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k t 

o a 


jo = teip U-E/E>tl/T i - l/Xjin tC Ai /C A3^ 

f AJ 

In <-r Ai /-r A3 J - -E/R tl/T. - I/T 3 ) * a Iv, tC Ai /C M > 

{1/RT, - 1/BT„ ' + “ tl/RX - lyRTjJ 

I J 1 a 

Una number 1 ^ 4 . 

li-Aii-A2- -2791-94 -3035.27 -2*72*3 -2301-1* 

Cl^Et, - l/ftT_ 

II J 

1*(-C. /-C.J _ j 

--Ai- “—- -739*50 -902,2 fl -524.47 -409 „4B 

Il/RT. - 1/ET- 
i 3 


Linear rejrc*tioa yields 


E « Ifii 90 atm L/moI 
a = 1-49 


l i in. p any point. obtain 

t *1 3 . 1 ^ I 10 ^° 1 DO 1 / 1 ) J* 

0 

0 

A » > prod - r A = k A C A 

B —► prod - t H = tpC H 

“ r i = k A C A + 

——^ = k^C^l - X A ) + ^0^(1 -X & ) 
at 

C, CO = C A (t) + C D (t) = c^(l - X A )+ C^I - x„) 

c, a) - c^(1 - x A + e B -X & ) - €^( 1 . 75 - x A -X B ) 

= C U k A - *a*a + k,©B - k B X B ) 
at 

= C Ao (k A - k A X A + O. 75 k B 0 B - k B X 0 ) 

at 


< 5'94 







Experimental Plan to find the rate law for ihc hydrogenation of cyclopentane on a 

Pt/AljO^ catalyst: 

1. Since this is a stable catalyst we don't have to worry about catalyst decay and an 
Integra] Reactor will be used. 

2. Perform several different runs, holding C A& and W constant while F^ is varied 
from run to rum 

3. Plot X iVw , vs. W/F a , for all runs. 

4. Fit a curve through alt points which pusses through the origin. The slope at any 
point is the reaction rate. Record the slope and corresponding C A(1 for many 
different X A values. These data can be used to determine the rate law. 


Experimental Plan to find the rate law for the liquid-phase production of methyl 
bromide from an aqueous solution of methyl amine and bromine cyanide: 

1. For a liquid-phase reaction without a catalyst, use a hatch reactor. 

2. While running the reaction record both C A and at equal time intervals 

3. Repeat to ensure accurate data. 


Experimental Plan to find the rate law for die acid-catalyzed production of ethylene 

glycol form an aqueous solution of ethylene oxide: 

1. Since this is an aqueous solution with a soluble catalyst, a batch reactor will be 
used. 

2. Several different runs wtil be done wilh different acid concentrations to 
determine the effect of catalyst concentration on the rate of reaction, 

3. For each run record C A al equal time intervals. Use this data to determine the 
effect of C A on the rate law. 




Interior Points 


Numerical Method 

Initial Point: (&] _ -3 *2.00 +4* 1.31-0,95 

V dt L 2*2 


dCA 0.95-2.00 


dCA 0,73-J.31 


= -0.26 


= -0,15 


Final Point: 


dt J h 4 

dC^'j 1.31-4*0.95 + 3*0.73 
dt ),, 4 


Graphical Method 


1.31 

0,95 

0.73 


Aca 

2 - 0.69 

2 - 0-36 

2 -0.22 


Aca At dCa/dt 


‘0.345 


ran Senes 1 
-Poly. (Senesl) 


s where ihe ucndtine crosses the cd$e? of ihe h^rs we wf \\ 


ct our values for -4Ca/di_ 




5,-U 

Polypomia] Fit 


Ca vs t 


y - Q.02S4* 1 - 0,3547* + 1.3905 
R* - 0,9931 


Tlmefmln) 


* Series 1 

Paly. (Series) 


From the £raph, we determine the equation for C h as a function of time: 

= 0.0588t - 0.3847 
dt 

Using that we can find and graph the derivative of C A at any time. 

Graphs of the natural log plot of the derivative are given below. 

Triangles represent the plot made by die Numerical Technique; circles represent the GrapJii^ 
Technique; and squares represent polynomial fitting 





PS-18 ccmt '(3 


b) 


Reaction order approJtiniations: 
Numerical Technique - 1,5 
Grapliical Technique - 1.5 
Polynomial Technique - 2 


c) 


dC\ 

di = r * 


=kC“ 


Combine and then integrate from (0,C AO ) to (t, C, v ) to get 


Plug that into POLYMATH'S non-linear regression and find that ot ^ 1 5 and 
k ^ .16 


m 


h 


ra 

Ci 

'0„43 

2 

-0.26 

1.31 

-D.1S 

0.95 

-0.075 

0.73 

F 1 * aJ forrH*, Lan 

Cori 11 Ci 



-tp ■ ir'W 

I milt..* - «-pi du-I 1, | ~+4*i I r iii i 


t (LOOtiM-LLl 


*lp 


] 

-Q-B7I L*5 

“D. &7L t^5 

! L 




Ctjn wb-f 
_Ujlut 


c. C33D5* 

L-^5^5 


ctfpf„ 
ihifTwa I 




- ftwrr 

Ll*li 


Q r 03*7712 
Q-7014& 


LPfltr 
I I mn I 


0, ZJa^PO 
5- ] 7 L 95 


* " Q-159DS4 
* 1d * 1-+575 

^L’l^ J ^Ltvr rMLfluili, 3 M « OJ 


Squ*rM * C,0QL5$|L3 


No answer will be given. 





pg-ia 


a) 1) 

obtained 


From POLYMATH* s non-linear regression the following was 


l.^OD 

r T 

1.200 

I .COD 

0.0 DO 

J.6-JD 

D.-iDD 


■5-13*1 



M- ** £ L an 

data 

Q C-L cuL a: fd 
wjLuc 


Moa* 1 1 r T □ k j-LpwPiT'2‘-twl 

* - 1.L-KM5 b*L + -O.0300i 

alp = D.l D+IOS 

7 OPIIIIVF f u-1.3-J.j^1 IS J 5 riMgaciv* r h-s l dij-*L ■=■ 

k—1-15 a = .13 p = -.u.Ji 


^ * ai saujr rv - 0-?DDLa7 


2 ) 


Again POLYMATH is used 


1-iOQ 
F T 

1 .SCO 

] .1X0 


D. BOD 


ill. riOIl 

O.^OD 


5-LD*7 



n:ji]h*l : r T “iPm.-i L ■■k,'n«-Pni 
k ■ :2.21i7 
H^n - 3,025 LG 

3 po-Eitt-vtf- r*£LiJuiL-S J 3 npgai I ¥ *► rKLQuJllf. Suit ul ±L|ujr b"\ * D.fliflfiDflS 


It = 12.3 K m = 9.0 


3) 


■ .^DC 
i-r 

S.7DO 


SrOCO 


□.SCO 

n ,rico 

D.4CO 


POLYMATH 


5-13*3 



V CcL]r p-ssie^ 

0*1 a 

□ CdlLulai.ea 
v-atur 





HuCpI : rT'Iji Pn jiJn2 v( ] +K - 2 

k - 0,-«OSH1 

*n r 2.S30? 

LD pc % i i l wf >■ cs L Ct_.a] >. J r.prj^^v-f rF\|^ul’l £. S-.-t’ of - E. DD 1 D£ 


5-2? 



F5-19 coat’d 


k = S.4 



4 ) POLYMATH 



Plfl-qr-i! E--S L »"■ 
il.il i 

Li I cuS ■l" Pti 

vlL uO 


ttriw L : r T * k *F^*P>h 1 **n H Pm-lihZyPtnZ? 

Tt - 3.2S*eir^ia ■ -Z,QGL*0r+5S 

Kta - 2„J?e35i>*LS 

3Q PCI^-LLCVIP r K L dual = P 2 rpMtfujlls-i ’Si;m ihi -Cfluar-P-S = jJ.QD053 


t = 3.26*10" Kjfj = 2.06* 10’* K M = 2.78*10" 


b) from the above. POLYMATH regressions we can see that the best rate law is number two 
This is evident because it has ihe lowest sum of squares. 

m it 

c) No answer wil] be given* 



i. 


S'# 
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a) 


This reaction is not elementary, if it were these two graphs would be 
identical or nearly so: _ ___ 


rc vs run 



+ ReaJ rate 
H Calculated rata 


To obtain the calculated rate, find k from one of the runs and use that one 
throughout. The graph is similar in ihe smaller pressures, but as the pressure of A 
increases the rates differ greatly. 


b) The sequence is specified this way so that r c is always increasing. 

c) No solution will be given. 




reaction is iirevemble 


constant volume reactor 


( A -- A r=^( a.-a)' 

Integra] analysis firsL Assume that reactii 

n dT"* <* J/A = A = Kt a plot of A vs. t should be linear if 

action is zero order. From the plot below, it is evident that the macti 
r n °t zero order: 


where K 


reaction is first order 


vs. t on semi - log paper should be linear. 


S-33" 




It is evident from the plot that the reaction is not first order. Try second order: 


^ = K(A_-A)’ , J 


dA 


1 


or 


{a_ - a) A_ 


= —4-Kl 


(A.-A)* (A„-A) A_ 

1 


A plot of 


(A. “A) 


- —= Kt 
A_ 

vs. t should be linear 



A 

A,.’ A 


0 

1.460 



iBwfl 




urn 

mm 

mmM 

I 40 



wm 

0.561 

8,065 1 






in 


20^ 30 

Time 


40 


From the plot, it is evident that a linear relationship exists between (1/A^-A) and time; 
therefore the reaction is second order. 















CPF5-K 


The rate law far this reaction will be of the form: 

“ r A * *CZ 

raCtha “? k r ?" rare cons™.. 

Anese arc me two parameter wc need to find using the data given. 

First, wc need to plot ln(-dC A /dt) vs. Jn (C A ). To do ihis, we need lo know how the 
solauon is traveling and at what time the solution readies an electrode position. 

Since the Cube diameter is 0.158 cm, the tube cross-sectional area is 0 0196 cm 1 

- “juir^r bv ™ s “ u °“ j ■- 

Solution velocity = (19.6 ctnVsV(0.0196 cm 2 ) = 1000 cm/s 

Now. if we consider the percent decomposition of HbO, as the conversion of Lhe 
reaction the percent of HbO, still remaining cai] be our C A since™Iw know 
the initial concentration or molar flow rate of HbO, in solution. 


_ y line ( 5 ) 

_ dt(s) 

composition HbO_ . 
_HbU, lthfc.l 

Hf' ^ 

0 

.005 

Jr 

.005 

.005 

3 

.010 

.005 

.015 

005 

3 

.020 

.005 

6 

.025 
.005 : 

7 

.030 

.no 5 

0 

100 

1.93 

1 98.07 

3.82 

96.18 

5.68 

94.32 

7.2 

92.8 

9 4 
90.6 

10.9 

1 89.1 

_ u ^-i. 

_nr m* 


-1.93 

-1.89 

-1.86 . 

-1.52 

-2.2 

-1,5 

_ J./QL 

AVPnOd f -1 

t r 

386 

378 

372 1 

304 

440 

300 

_^>*cragL L. A 

~ 

99.035 

97,125 

95.25 

93.56 . 

91.7 

89.85 


A plot of ln(-dC A /dt) vs. ln(C A ) is then produced: 

k _ “ “- - - — ------- 

Problem CD5-B: Plot of In(-dCaVdt) vs. 


o 5 . 9 

^S.BS 
~ 5.a 

S.7£ 
5.7 


In(Ca) 



4,54 

In(Ca) 





CPP5-B cont'd 

As can be seen from this plot, the data points are not exactly linear. However to 
use tlie method of differential analysis of rate data, we must find a best-fit line'for 
the data. That best-fit ine is drawn in the plot, and the slope is 1.4841. This slope 
corresponds to the order of the rate law (n). Therefore, (he rale law is now? 

- < J 

To calculate k, the specific reaction rate constant, we must evaluate the following 
equation, using the data gathered between electrode points 1 and 2: ' 


386 %/j 

99.035 ,J % lJ 


0.39l66r H %- 


Therefore, the specific reaction rale is 0.39166 s ! %^, and the final reaction rate 
law is: 


-r A =0.39166 C“%/j 


CDF5-C 

Given; moles of ammonia formed at specific time 

Find dC/dt also known as the race of formation of ammonia 

Use the graphical method and the following table is a summary of the results 

Frist use a temperature of 35 IK 

COPS-COSSIK 

t Cn il ACn ACntil riCWrff 



Cn yi 


ICn 

ACnur 

dCnftfr 

0 

0 

5 

0.15 

0L03 

0.033 

5 

0.1S 

S 

O.T25 

0.02s 

0.027 

10 

0.27S 

10 

0JS1 

0,021 

0-023 

20 

0.435 

10 

0/165 

0.0165 

0.0 T9 

30 

0.65 

10 

0.12 

Or012 

0.015 

40 

0.77 

TO 

0.1 

0.01 

0.013 

SO 

0.07 

TO 

0.03 

0.000 

0.0T 

60 

0,95 

SO 

0.13 

0.0065 

0.009 

30 

1,00 

20 

0-00 

0.0045 

0.009 

100 

M7 

SO 

0,145 

0.0029 

O.0O74 

ISO 

1-315 




0.007 


so fc«s 0.0029 ' s following way 

ISO T.315 0.CW7 

Next, find the concentrations of Gfc' and NiH*. Do this Che following way 

r - 
L iV«,-T7“ 





£BE£-.C 


cont’d 



3*C<wo 

Cgn = Cfflvo * (I — X ) 

C,y jWl =C W0 *(S B - 3*X) 
,5Af + 2.575M = 3.CP W 


/(»;«* 1 


.5 


3.075 
_ 2.575 
3.075 


-.16 


= .84 




Once chat is done plug into POLYMATH'S non-linear regression program with 

die following table. 

s-3«sa 


X 


Cgn 


Ch 


* 

xn 

1 

0,033 

2 

0 .D 27 

3 

0 P 023 

4 

0-015 

5 

0.015 

6 

0-013 

7 

0.01 

S 

0.009 

5 

o_oo& 

10 

0-0074 

11 

0 .O 07 


X 

Cgn 

Ch 

0 

0.5 

3-575 

0.1 

0.45 

2.47 

0*10 

0,41 

2-35 

0.32 

0.34 

2.14 

0-43 

0.235 

1.97 

0.51 

0.245 

1-85 

0-53 

0.21 

1.75 

0.63 

0.135 

1 . 67 

0.72 

0,14 

1-54 

0,73 

0.11 

1,45 

O.flB 

0 .OS 

1-3 





CDFS^g contM 


S-cQ35t< 



nad»l: r n =fc * Cqn- 1 - aLp"Cn 

k. - CLQOQOSO^B fc>*i ■ 4-25735 

aLp * -Q.fi^973 

6- peitllvf r'Kid^giliV "5 npqiTwr r r £lOu#L £-. Smj» Pi Eqg*r#*. ■ FlBETL t2*-^0S 

S-CB351* 

hjtr LK qF t;nf anon cQifhqLfnc^ i i i3f 1 i hr fianl \ cyf fj iUPfi feyju 


t 

■aLp 

bffl 


11 li—_ 

To. 33335 L 

-Or33P^^ 


alp | a a 3333SL | L | 



b*c | -a.3303Z 

| -Q. 313£0£ L j 

] 


Cftri-uc'- Qt t; 

□.□5 eo^. 

1 QLIP^ 

MPp^r 

Pr jm. VjLuf 

1 n| c-r v*l 

1 i-nt t 

S I Hi 1 C 


If OrOODSBS^B UrUQQ62BB26 -0.000263345 CL-MQ9Q03Cld 

aLp -0.dJ4*a?3 -1.2E549 -O.Q7D455d 

bp( 4.257D5 L .4*931 2.00^4 5„70GOfi 


■nodcl: r n ^Cqn * a L p«C^~hfi- c 

\ m Q.□□□ 359*9 bc-1 *■ 4-2&705 

atp * -□.£'1-13^3 

■6 fiaiitLvc rrsL^als, 5 np-qacivr- r a-is; cfw *L s, 5^ a* = 7-.3BS L Ze-PS 


The answer we get is that k " 0.00036 

ct = -2/3 
p = 4.25 

For the higher temperature, we know alpha and beta so we will just solve for k. 
Create this chart to find dC/dL 


5X3 7 




cont’d 


aCfvai dCnAa 

0UD1T3A1 

MM 

L-CM107 

□.03T 

OQ7S74 

oma 

mnz 

afliffi 

Q-Crtl 

D.QT7S 

QlCTIJ 

Mia 

loir 

D.Q14 

ttXHS 

OjDOfl 

aooa 

mc&s 

n,w?a 

00013 


CQP3- 


ri 4 * N-“k -1 - T 1 BCH-e 4 

* fc aatm 73fi53 

Pgiinvc ^ = La^i f 5 nrqj 


a# EQyjrfri * 0. 


UPPPr- 

I HU E 

DrCetmss* 


Q.D003?3 


D. 95 cianF. 

_ [FTl rr yj| 

3.55H*Se-a5 





CDP5-C cont’d 
So k = .00032 


/0.00036 V -E j 

f 1 

jJ 

\ 0.00032 ) 2.3*8.314 

[371 

"351, 


E = 6368 J 


CDPS-D 


Since oxygen is found in escess. we assume that -r,*, is dependent only on C^. 
This gives us a rate law of the form: 

“ r NO = 

From the units of the specific reaction rate, we assume that ot = 3. Now, using 
equation (5-18) from chapter 5, we can solve for the desired half-lives. 


(a) 


(b) 


— " 


2 C "' -1 


For = 3000ppm: 


” 


2(L4x 10 “’ ppm 1 /min)^ (3000 ppm/ J 


2 1 ~1 

1 ' 

r * 

t<v 




= 119.05 min 


For = 1 ppm: 

— j- zr - i- 1-7 —■— srl = 1.071X 10* min 

2(1.4x10^ ppm" ! /min)((l ppm/ 




CPP5-E 

Given the data, postulate a rate law. 

~ T A = 

Then write die design equation in terms of the data given, in this case volume and time. 

c a *n a v 

N A ^N Aa {l-X) 

V = V 9 (l+eX) 

v~v 

x = ^-^ 

V e £ 


V - V 

j _io_ 


C,=- 


M 


-2# 


v 





CPFS-E cont'd 


The following graph is made. 



Okc that is done it is the natural log of those values is ready to be graphed The 


5 

■1 

1 fl-s 1 tri : 

1 - ZJ*52* - 4.7471 



X* 

-3 

X 

-4 

\X 

- s ‘ 

X 




--- - 1 


3a1«l 

-Ufmmv 


■h we 

: 5ee 

that a is 2. \ 


.09 


k r = 

5 

= .013 


= -85* 

Jt St 

Jt' 

. - 211 ... * 


A" 1 -' 

JT ao 

-02 1 ' 9 


8.314*313 


^ V " ™» « "* **S» equation aud 


stoichiometry: 




„ . *m - l = 6 * 10I3.25JfcPe = 607.95 

Combining these with the rate law just determined the following volume is found 
V F ™ X _ 16.67VS 

f P V F" oc = 3 - — 6787^71 
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Mtfi 

F6-1. 


F6-2- 


P6-3. 


iHT 

Mfiiqc 

P6-4. 

itoc. 

P6-5. 

Tiw-' 

P6-6. 

m p 

P6-7. 


-: P6-S t 


IBP 

Wiv 


P6 -4. 

pw. r 

Wt 

ET. 

B 


m 


PG-IO, 

pfi-n. 


fh 

Vb 

P6-12. 


Chapter 6 

An open-ended problem that requires students to create and original 
problem and solution. 

"What if. . w problem. Parts (c), id) and (e) can be used in conjunction 
with Living Example Problems E6-6 and F6-S- 

This problem concerns thermodynamic equilibrium and multiple 
reactions, ft is usually assigned at the graduate level. The heat of 
isomerization must be calculated at temperature below IOyTC where no 
other reactions are dominate alternate to F6-5. 

Straight forward problem to reinforce principles of how to choose reactor 
schemes to maximize the instantaneous selectivity S TJ1 j for parallel 
reactions. 

Thermodynamics and multiple reactions. Alternative to F6-3. 

Maximize S DL - for parallel reactions. Parts (c) and (d) allow the student to 
explore the problem by varying the temperature and pressure. 

This problem concerning drinking and driving has always been a 
favorite with the students. It is quite straight forward. 

This problem is a new problem on drug medication which has been 
assigned for the past two years, is similar to PG-7, But it is a Little more 
open-ended than F&-7 in that ihe student must decide on the amount 
(one dose or two) of drugs and the times to administer them. 

Maximizing and $ for series reaction. Parts (a), (b), and (c) are straight 
forward, and could be one problem by themselves. Parts (c) through {fl 
allow the student- to explore the problem and learn the trends as each 
reaction is allowed to be reversible. Part (g) involves a packed bed reactor 
with pressure drop. If all parts are assigned, it would be a fairly long 
assignment. Good though!!!!! (Moose dung pte joke), 

Straight forward problem that is fairly short. Points oul that the CSTR 
temperature can be adjusted to maximize overall selectivity. 

This problem is a medium-length (Ca-40 minutes) straight forward 
problem it reinforces relating relative rates of reaction. It is most always 
assigned as an "in class" problem. 

Fairly straight forward problem using POLYMATH. Allows for 
temperature variation to find optimum operating conditions. 
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P6-13, 

P6-14. 

P6-15. 

P6-16. 

PG-17* 

PG-18. 

P6-B. 

P6-20, 

P6-21. 

PG-22. 

P6-23. 

P6-24. 

P6-25. 

P6-26. 


This problem is usually assigned as it is straight forwaid and 
encompasses all the facets of liquid phase reactor design for multipU 
reactions. 

This problem is s more complicated, alternative to T6-12. Parts (if 
through (d) are reasonably straight forward. 

Extends the Living Example Problem E6-6, to include a 3rd reaction. 
Allows for parameter variation, and because E6*6 can be loaded directly 
on to ones computer, it is a relatively short problem. 

Fairly straight forward solution with POLYMATH or MatLab, This • 
problem is a simpler version of P6-18. Allows for a small degree of open - 
endedness in part (c). 

This problem is unique in that is one of the few problems with gas phase 
multiple reactions in which there is a change in the total number ol 
moles. CDFG'H, CDFG-I, and CDPG-J extend this problem. 

More complicated version of P6-14, however it is quite straight forward 
when using POLYMATH. 

■ to 

California Registration Exam Problem. 

Short problem using living example problem E6-8. 

Manv reactions are shown. The point is to find which ones are doming! 
at what temperatures. Usually assigned at graduate level in conjure i . 
with PSSH in Chapter 7. 

Requires the student to go outside the lext to develop an orig^' 
problem. 

New problem with recent (1996) real dala for a gas phase reaction 
change in the total number of moles. It is open-ended in that it as 
student to select the best feed conditions. 

Member Problem Hall of Fame. This problem is designed to Jjj 
enhance the students critical thinking and creative thinking s * 
varying the feed temperature and concentrations to maximize in^-t 
production. Should count for more than one assignment. 

This current (1996) problem is quite open-ended and probably be assif?^ 
only at the senior or gradate level. Real reactions and real numbers- ^ ; 
This problem is more straight forward than PG-21 and F6-25 an 
rapidly be solved with POLYMATH. 
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P6-27. 


This problem requires the use of Attainable Region Analysis (ARA) to 
solve it and in fact is solved on the web. 



CDP6-A Maximize S for parallel reactions. Alternative to problems P6-4, CDP6-B, 

CDP6-B Rework of P6-14 for different reaction order. Alternative to problems P6- 
4, CDP6-A, 

CDP6-C Straight forward. Alternative to F6-1-1. 

CDF6-D Straight forward. 

Simpler alternative to F6-9. 

Very straight forward problem to reinforce the principles. 

Requires additional reading. 

Good problem involving gas phase reactions with a change in the 
number of moles. Straight forward- 

PfobJems CDF6-I and CDP6 ] are extensions of Problem CDF6-H. 

CDF6-K Have not assigned this graduate level problem. 

CDP6-L Have not assigned this graduate level problem, 

CDP6-M Straight forward- Alternative to F. 

a f] ■; 

CDP^-N Graduate level problem has yei io be assigned. 

Ip ir] 

COP6-0 Straight forward. 

s<:i ■ 

, CDPfPp Graduate level problem yet to be assigned. 

Summary 

A ssigned 


G 

AA 

G 

AA 


G 





Solution 

Alternates 

Difficulty 

Time 

Giv^n 



20' 

No 



70 

No 


SF 

50 

Yes 

6,A,C,D 


60 

Yes 

3 


60 

Yes 

4,10,12,C 


45 

Yes 

7 

SF 

50 

Yes 

S 

SF 

75 

Yes 

E 


120 

Yes 


p.6-3 
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P6-10 

i 

4,6 

35 

Yes 

» P6-11 



40 

Yes 

Y&12 

i 

6,10,15,23 

30 

Yes 

© P6-13 


17 

75 

Yes 

P6-14 

AA 

16,B,C 

75 

Yes 

P6-15 

AA 

6,10,12,M 

60 

Yes 

P6-16 

AA 

14,18 

45 

Yes 

e P6-17 

A A 

13,H,1,J 

25 

Yes 

P6-18 

A A 

14,C,N 

35 

Yes 

P6-19 

1 


40 

Yes 

P6-20 

O 


30 

Yes 

P6*21 

G 


90 

No 

P6-22 

s 



No 

• P6-23 

A A 

12,23,24,25,25, K,L 

40 

Yes 

P6-24 

AA 

23,25,26,K,L 

60 

Yes 

P6-25 

AA 

23,24,26,K,L 

90 

No 

F6-26 

AA 

23,24,25,K,L 

75 

Yes 

F6-27 

G 


45 

No 

CDP6-A 

AA 

4,C,D 

30 

Yes 

CDP6-B 

AA 

16 

45 

Yes 

CDP6C 

AA 

6,12,14,18, A, D 

55 

Yes 

CDP6-D 

0 

C 

45 

Yes 

CDP6-E 

0 

9 

30 

Yes 

CDP6-F 

0 

12 

45 

Yes 

CDP6-C 

G 

— 

70 

Yes 

CDP6-H 

A A 

13,17 

30 

Yes 

CDP6-1 

AA 

13,17 

30 

Yes 

CDP6-J 

AA 

13,17 

30 

Yes 

CDP6-K 

G 

23,24,25,26 

60 

Yes 

CDP6-M 

0 


45 

Yes 

CDP6-N 

G 


90 

Yes 

CDP6-Q 



60 

Yes 

Assign^ 





« - 

Always assigned, A A = Always assign 

one from the group of altem- 

o = 

Often, I = 

Infrequently, S = Seldom, G = 

= Graduate level 



i 


i 




Alternates 

In problems that have a dot in conjunction with A A means that one ot 
problems, either the problem with a dot or any one of the alternates ... 
always assigned. 


Time 0 

Approximate time in minutes it would take a B/B" student to soh' e 
problem. 


1 
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Difficu lty 

™ F = _ S SS ht f ° n T d t reinf ™™ 1 of P rind Pl“ (Plug and chug) 

' some m “ ipulatit,n of - » 

IC - Intermediate calculation required 
M - More difficult 
OE = Some parts open-ended. 


Note the tetter problem are found on the CD-ROM. For example a = CDPl-A. 
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Summary Table Ch-6 


1 

equilibrium 

Maximize 

Batch 

Reactor 

PFR 

PBR^ 

CSfR 

Semibatch 

Reactor 

Qthtf 

Series Reactions 

3,5 

y{b,c) 

9,7,8 r E 



9 



Parallel 

Reactions 


6(d), A 


13 

12 

6,12,13, 

A 

13 

6 

Complex 

Reaction 


M 

_ P,C,25 

15,16,17, 

24 

N 

11,10,20, 

19,18,H, 

,?,P,23 



Straight Port'std 
REinforcement 
of Principles 


6a 

8(a), 

9{a.c) 

15(a),G, 
M 

12(a),14( : 
d) 

11, 

14(b,c), 

F,M 



Fairly Straight 
Forward 


6(b) 


I3(a,b), 1 
16(a), 
18(a) 

14(f) 


13(c), 

18(b) 

__J 

Parameter 

Variation 


4(c),5{c), 

6(c,d), 

1 Q(b),25 

9(c,f) 

14(a), 

I5(b,c,d), 

16(a,b)' 

12(b), 13{ 
j d),15(b), 
16(a) 

4(c), 

14(a) 



Open-ended 


8(b,d),25, 

N 


16(b) 

9(s).l7(d 

) 

1 4(e),6(d) 

4(c) 

fC-r 

Critical Thinking 


8(c) 


16(c), 

N(e) 


NOO 


[SK 

-'T 

.j 

More Difficult 


9(b),N 

9(b) 

10(a), 

16(b) 

N 

10(a) 

N 


Chapter 6 



To maximize 

* Operate at high temperatures 

* Ca should be kept low 

■ Tubular reactor with side streams of A 

* Semi-batch reactor with A fed sJowJy into a solution of C 


4-7 


P6-4 [coat'd) 


b> 


/J + C —U 2 

c 0J 


odoo-^ 


r U5 - lOOae^™' T C c C D 


T(K) 

Soui C/ J 

Sduz Cc/Ca UJi 

273 

0,158 

2.805 *lO y 

473 

2198 

2.583 ♦Tti 5 

873 

11,412 

7.725* IO 3- 

1000 

14,614 

322.74 

1250 

20,532 

97.208 

1500 

25,756 

43.678 

1750 

30.283 

24.616 

2000 

34.193 

16.068 


Hence to minimize selectivity we can use two reactors 
l* 1 CSTR: 2000K 
S^CSTR: 1250 K 


c) 


V - F » ^ F D =r D V 


V = 


r D 

F lfl - F, 


_ ‘‘AO 


~>F, -F M +r A V 


~ T. 


Y„ = 


F -F 


'» _ *»V _ 

~r,V 


r, - -800e 


-1 Oe-^C.Cr 


r fl ^aoo^'-crQ-iooOf^c^ 

C A v a = ^ t v o = ^ — = ^ 

mm 

^ + % r A 

f-jj = ^ r D 

Cf = Cpj + 2r c 

r c =r A ~ I000e-™' T C D C C 


Using these equations in POLYMATH for different inlet concentrations, yield is 
maximized at different temperatures 


C-t 




F6^t (coru'd) 


T 

Cer> (mol/dm 3 ) 

Yield 

850 

1 

0,977 

500 

0.5 

0.987 

1300 

2 

0,96 


6-4 

Eg iJatiQiLg ; 

£ (ca^ca-cao -2 *ra 
f fed) =cd-2'rrf 

f(cc)=cc-cce’2*rc 

CEIO=t 

ccci = 0.5 
T=13Q0 

Rj-WO*e J< jH-J l > 0 o/T)*B.-fl.S.oc : -MOD*e J B > (.aDOO/T)- C a*a S! 

rc=rii-K)C?0"exp(-flOC?D/T] *cc*cd 
**rd/-ra 


i ilia I y-alu -g 
i 
a 

o. 5 


All maximum yields greater th<ua 0.95. 

Lower concentration higher tempera' .ires to get right yield- See POLYMATH 
solution below. 


d) 


A —^ B 
C-+D + E 


-r A - 1, C A ;= lOsec 1 
-r c =* 2 ;fc 2 = G.03^^ 


/r sco 


Fr= 10 lbmol/sce 


—t = r =-j i.C A 
dV A ' A 

^A — ^A V 0 


0.5 


C - ■ 

rD 0.73*900 
-\v 0 *=13140 

1005ft 1 


= 7,61 TO" 4 


See POLYMATH solution below 


6 >- ? 



P6^ (coni' d) 


6 -$ (d] 



d(£a) z-ra 

d<£ej/d(V)*rc 
d ^ f fa)/d(v)=-ra 
d(fd)/d(V)=-rc 
d(fe)/d(V) c "ic 
kl=10 
k2=.03 

ftefa+fe+fb+Ed* fe 
fao=5 

CtO=r5/ <900’ , 73 > 
f to-10 
rc^ fc2 

xc Ifaa-fa?/£ao 
avo=£^/cto 
Cft=cto*(fa/£t] 
rae-kl'ca 


Initial value 
S 


0 

0 

0 


6-4 (d> 


Variable 

Initial value 

tSaxiinLim value 

Hinitnwrn value 

Final value 

V 

0 

lOS 

0 

10B 

fa 

5 


2.43021 

2.$9621 

fc 

S 

5 

1. SB 

1,05 

fh 

□ 

2.50373 

0 

2,50379 

fd 

0 

3-15 

0 

3 .15 

£b 

0 

3-IS 

0 

3 .15 

fci 

10 

10 

ID 

10 

fc2 

0,03 

0.03 

0- 03 

0 . D3 

ft 

10 

13.15 

10 

13.15 

fao 

5 

5 

5 

5 


0.0G7$ID15 

0.007G1035 

0.007E1033 

0,0076103B 

f to 

10 

10 

10 

10 

rc 

-0,03 

-0.03 

-0.03 

-0 . 03 

K 

0 

G.S0G7S& 

0 

0.50075$ 

flVQ 

1311 

1314 

1314 

1314 

ca 

o.ooiaosio 

0.00300513 

0.001J14G4 

0,00114464 


£ - /O 


a) Using the equation for the equilibrium constants: 


K =- cCd 

c,c B 


c c 

_ 

f3 r 1 r- 


We can come up with the equations for C* P Cp, and C*. 


C C 

X, t C B 


_ %clC A C t 

Cd —c - 


K tl C c C B 


The rest can be found with stoichiometry. 
C r =C x 

— ^jo - C D — C r 


- ^do C A Cjj 


POLYMATH 


I 

.. * tea] 'cb> 

u<jr L iibi E> 

£-5 a 

m 3 q.^. 

U £] L UE» 

r< 3 

t <A)k CX . u . (;c , eb/ 


O.G3QGL02 

3-CHS*- 13 

■p* 

cct 

0 . 303S52 

- 1 .0S4 e - is 

H .1 

Ctf 

0,7 E -53B-S 

- 1, lOSe- Id 

*5T"C* 

Kt 

4 


ebon, 5 

K? 

] 


C «>1.5 




cc*cfto- Ca , C:t 

cbo 

1.5 


dc ao 

Ca q 

1.5 



cc 

0.754995 


?KjHS&>v 

X 

0 - 379538 



cb 

0,575961 



C A =0.0306 
C x =0.71 


C a = 0.63 


C r = 0.75 


C B s0.11 


C Y = 0.71 


We also find that X = 0.98 


(■ 


b) With the new equation we must find the new equilibrium equations, 


C z = K tJ C A C x 

r -L££i. 


K* &£* 
C c 

The rest are the same except for 


C** ; 


Cx ~^r ~ C z 
Cm — CjLn ” Cr. ”Cj 



uar“ s ^bl? 

UjI ue 

f O 

C>- J 

Eqria L ioriij: 

cz 

P.99Q725 

].D9Zff-13 

f I c z J =ci-kJ m C4 t CK 

c 4 

KD^SBI 

5. M4f-12 

f Ley i=cy-kZ■ec/tx 

cd 

Or 2^9 L D1 

-2.637?-S3 

- Lc:I| =cd-5tL 1 'c;a''Cb/et 

C X 

□.D331135 


k3 = 5 

C^O 

1.5 


cx=ey-c e 

c be? 

Lr5 


kZ=l_51 

r 

300 


lei-2.£1 

sdz 

0.27Q6I1 


cao=L . 5 


l .03389 



It 3 

-13.1255 


sd*=cd/cz 

ca 

0.24 1 [ ?4 


syr=-^y/cs 


0.4302? L 



CD 

0- L59Q6 


cb»ct5“cd'cy 

k L 

9.25080 


ccscao-ca-cit 

X 

0.B3921? 


SClt^Ci^GN 

CC 

SCX 

t.L?5?t 
1.4.1459 


Wc find that 

C z - 0.65 

C T =0.91 

C D = 0,37 

C K =0.27 

C„ =0,48 

C D =0.22 

C c =0,76 


Jf =0,68 

Jqt — 2,8 

S^O-57 

5^=141 



a) When the temperature is raised from 300 Kto 500 K, Sex goes down, Sd7. K 06 * 
up and Syz goes up. 


d) First find the proportionality constants from the Arrhenius equation, 

0.002 

A, =38603 

0.06 = V' l -' taw, ' W '- , ° !>) 

A, = 2.24x IO 13 
0 3 = A ( ,-t y>WR ' I K ' r ' ?00) 


space- 


Aj = 2,16 x ICr 

Once those arc known, come up with equations for the equations in 


tune z. 


SP©?':fa 

jkv,- 


x = - 


C, 


k t + +k-C A 

tk, + xk 2 C A + xk.fl -C m + C a - 0 


C* = 


-{xk : + J) + ^'(it : + l) 3 -4(T*,Xtt L -C 4a ) 


2rt, 


t = - 


zBl 


r = ■ 


fcX, 


T = ■ 




Cjt. “ k-,tC A Cf 

Use EXCEL solver in order to find the temperature that maximizes C B 


C x — i; i 


312.S336841 


Ca 

0.016513937 


ESI" 


RS 

m- 


SPti' ' 


M 

I 


kl 

0.003919233 
k2 

0,230891512 

k3 

2.260443602 


Cx 

0.039192325 

Cb 

0.038129279 

0/ 

0.00616445B 


M" 


terms of 




P6-7 US legal lisnc l g/1 

Sweden legal, limit 0.5 gfl. 
ki 1=1 

a^b 

= ; ti=l0hr [ ; A * Alcohol in gasramtesrinal tract 

dt 

^S- = -ki + ki C A ; ki = 0.192 t-|- : B ■ Alcohol in blood 

dt L--ar 

C A - C*oe' k ’ 1 

£* = ki CMe^-ki 
di 

Cb - * C A o e^' - Stji + C 


If at i = 0 ; Cb = 0 =* C = C*o 
Cb = Cao (I ■ e-* 11 ) * kit 
or if at t = 0 ; Cb = Cbo C = C A o *► Cbo 
C& = C A ii (I - e" k,t ) + Cbq ’ kit 
(a) Two tail martinis - BO g ETOH 
Body fluid = 40 L 

At t = 0 ; Cb “ 0 ; Cb = C A o (1 * t - *’ 1 ). fey 


Cb = 2 ^-(l - e’ ,0t ) -O.I92t where t in hours 

2.0 

C* 15 

pncL/cu. cLm. i H 

0.5 

0.0 

0 2 4 6 3 10 12 

T tm* (Hr ) 

In U.S. for Cg ~ l y . t = 5-2 hrs 





P6-7 sconc'd) 


(0 60 g ir--r.iidi i :ciy 

Cg -Cuali -«-M-(U92 l 
C a = 

C B = 1 I a: i = 0.tl5 hr u i = 2.6 hr 

3 

(23g> A nczvy person would be less affected by the alcohol than a thin one. That is. xhe 
reaction cst= constat would bo lower fora heavy person. 



Let A be the tarzlon in the stomach and B be the tarzlon in the bJood. 


• = r. 


Mole Balances: 
dC* 
dt 
dC, 
dt 


If. 


= r a 


RaLc Laws: 

" r * ~ + k,C^ 

r B = “ k.|t B 

All k values are given in the problc m SL&iement. It must be noted, however, that 
for C B < 0, k 3 must be equal to 0. 

These equations when entered in POLYMATH generate the following results: 

Eguations: In.iti .al value 

d(ca)/d(t)=“kl*ca-k 2 *ca $.25 

d(cb)/d< c> =kl*ca-k7l-k4*eb 0 

kl=0.15 

k2 = 0.6 

k4=0.2 

^3=if(cb<0)then(kl "ca-k.4*cblelse(0,1) 

fc n = 0, t 


P6-8 (cost'd) 


(b) 



« . 

' 

From the following graph generated using the above program in POLYMATH, wc 
can see the proper doses of the ding: 

1. Rrsc lake two doses of Hie drug. 

2 . Six hours ]aier take one dose. 

3. Take one dose every four hours From die a on. 





a) 


Species A: 


Species B: 


SpecLes C\ 


dc 

“ r * = t,c A 

^ = r a 
cU 3 

h ~ k l C A - fc i C B 


/ 


dC,- 

dt 


= fr 


t = k,C, 

Ptuggine ^ POLYMATF1; gets tte following. 


feluclons: 
4(t*)/d(t) ara 
J(cbfc/d( t) 
d<CC} /<j(L>-rc 

rc-k2-cb 

*« M*- t. 

I. 



E = 100 


Variable 

z 

ca 

cb 

cc 

t: 

t2 

ra 

rc 

rb 


Initial value Maximum value Hinimuni valu^ 


0 

1,4 

0 

0 

0.1 

0.01 

-O.Sd 

0 

0 . £ 4 . 


100 

1.6 

1.4555 
0,33 53 
0,4 
0,01 

-2_71592c-L3 
□,014556 
0.64 


e.70S&*-lG 

C 

0 

0.4 

0,01 

-0.54 

0 

-0,0132417 


l|-- 

Jp. 

is 

sir 



KS 


b)To find the maximum profit, take the above equations and add this one: 

Cost = 50 “ C tt 500 -10 11 C A ^ 500 -50’ C A ^ 500 -30 * (?' J ’ Crl - ] J 
Plugging Into POLYMATH:gets the following. 




6-/7 


Final va lue 
100 

s.vaaae-is 

0.6037 

0.3303 

0.4 

0,01 

-2.7L532e-10 
0,000037 
-0.&0GC37 





P6 


-9 coriTd 


Equations: 
d(ca}/d(t)-ra 
d(cb) /d (t ) =rb 
d(cc) /d (t ) =rc 
kl=. 4 
kJ=.01 

Co=50*cb*500-10"ca*500-50*ca*500-30*(exp ( . 5*cc'500) -1} 
ra=-kl*ca 

!=■< 

re=k2*cb ^ 

rb= kl,*ea, - k£ ' cb 


Initial vi;J 


1.6 

0 

<3 


'0 


0, 



i 


Variable 

Initial value 

Maximum value 

MinL-mum value 

Final val 

t 

0 

4 

0 

4 

ca 

1.6 

1.6 

0.323034 

0.323D34 

cb 

0 

I .24536 

0 

1,24536 

cc 

0 

0.031602B 

0 

0.0316029 

kl 

0.4 

0.4 

0.4 

0 ,4 

k2 

0.01 

0,01 

0.01 

0.01 

Ca 

-45000 

37B4.a£ 

-59502.7 

-59502-7 

ra 

-0.64 

-0.129214 

-0.64 

-0.129214 

rc 

0 

0.0124^16 

a 

0 - 0124 53 6 

xb 

0.64 

D.64 

0.11576 

0.11676 


Find the maximum profit occurs at t=3.2 h 


c) First, find the values for the proportionality constant from the Arhe twins 
equation, 

G,4h' 1 = 0.0001$"' 


O.Qlh = 2.78x lO^s - 


0,0001 = A l e-" C0 ®' (IW7 ‘ ,7Jt)i 


A, =72 


2.7axi0^ = A : e- (iMoa,|l ' 9 ® 7 * J73t) 

G-JS 


■ 





tout’d 


Using the CSTR design equation with respect to Space 
equations for C A and C r 


ce-lime, come up with 




C * * 1 + fJt, 


-k t C^kC s 
r - 

* tk -* [ 

Using EXCEL'S solver, come up with the temperature that maximizes B. I he 
concentration and temperature are shown below. 


437.941035 


0.0007354 


0.00015331 


Ca 

0.63854972 


0,7153319 


dlPart d is similar to pan b except for two rate laws: 

^=^t*C 0 -^*C A 

ri = t,*C A -ls. l ’C,-k : *.C H 
Using those rate laws uiPOLYMATH produce the following: 


initiLLlval^cj 


d (ca)/d(t>=ra 

dich) /d(t)=rh 

dicQ) M( t) =rc 

Ttlr = S -33e-5 

klf^OQQl 

k^2.7ae-G 

rc=k2 fc cb 

ra-klr 4 cb-kl£*ca 

rb-kl£*ta-klu*^b-k2*cb 

tfl =0- tf = 350000 


L. 2 CD 4 


<W? 


p6-9 cont’d 

Variable 

Initial value 

tf&jeimmn value 

Minimum value 

Final value 

t 

0 

35O000 

0 

350000 

ca 

1.6 

1.5 

0.436316 

0,436315 

cb 

0 

0.833237 

0 

0.51*9 

CC 

0 

0.6477B4 

0 

C .6477S4 

klr 

8.33e-05 

8.33e-05 

fl.33e-05 

8.33e-05 

fclf 

0,0001 

0,0001 

D . 0001 

0.0001 

Jt2 

2 .73e-0& 

2.7Be-06 

2,7Se-0fi 

2.7Be-0S 

cc 

0 

2.3164e-06 

0 

1.4342e*06 

ra 

-0.00016 

-8.S7163e-07 

-a,oaoie 

-6.57l69e-Q7 

rb 

0 _ 00 016 

Q.00016 

-1,20632e-0 6 

-7,77034e-07 


e)Part e is similar to pan ci except for one rate law: 

r c — k : *C B ~”C c 

Using that in POLYMATH produces the following: 


Equations: 

d(ca}/d(t)=re. 

d(cb:/d(t)=rb 

d(cc)/dtt)=rc 

klr=a.33e-5 

Self =.0001 

k2f=2,7Ge-6 

k2r=1.39e-S 

ra^kli:*cb-kl£*ca 

rc=k 2 f*cb-k 2 r*cc 

fb=k i f * ca ~ klr ” cb-k2 f * cb+kl r ' c c 


_1 



= 0 r 


350000 


Vaf i e 

initial value 

Maximum value 

Minimum, value 

Finai value 

V CLjL ± l_L !_■ m . c — 

t 

0 

3500Q0 

a 

350000 

ca 

1.6 

1,6 

0.49030b 

0.450306 

eb 

0 

D.833769 

0 

a.0S36S2 

cc 

0 

0.526032 

0 

0.£25032 

klr 

9.33e-0S 

&,33e-05 

9.33e~05 

8.33e-GS 

kif 

0 . DO01 

0.0001 

0.0001 

0.0001 

*;>e 

2.78e-05 

2,7 Se-06 

2,70 e-06 

2 .7Be-06 

K2r 

1.39&-06 

1.39e-06 

l,39e-66 

1,35e-06 

ra 

-0,00015 

-4,11573e~07 

-0.00016 

-4.1l573e-07 

rc 

0 

2,25569e-06 

0 

B,8l396e-07 

rb 

0 _ 00016 

0.00016 

-1.12493^-06 

-4,75324e-Q7 


<6 o 




Fti-9 coat'd 


f) When kl>100 and k2<CU the concentration of B immediately shoots up to 1.6 and 
then slowly comes buck down, while CA drops off immediately and fails to zero. This is 
becatise die first reaction is so fast and the second reaction is slower with no reverse 
reactions. 

When k2 = 1 then the concentration of B spikes again and remains high, while very 
little of C is formed. This is because after B is formed it will not got to C because die 
reverse reaction is faster. 

When k-2 - 0.25 n B shoots up, but does not stay as high because the second reverse 
reaction is a slightly slower than seen before, but still faster than the forward reaction. 

g) 


df±_ - 
dw ^ 



Combining: 

dW v 0 


Similarly: 


dR 


£ _ 


dW 

r 5 = C A - k,C $ 


C - — 



dFg = k£, (1 - awfi — ttW)* 

dw 

and: 

dF c _ k^A 1 - efflft 
dW v ( 

Once those are done we have to come up with a way to change a with the change in 
diameter of the particle. We know that 

2 




p ‘=i 


J = 


*cP c { 1 “^ 


M a; 
— + N 
D. 


Where J, L, M. and N are constants that won’t change for this problem. 
Starting at the given a and the following chart was made. 


£ ) 


P6-9 confd 

Equations : 

d(fc|/d[w)=k2*fb*(l-alp*w> ^.5/ve 

d{£b) /<3(w) = (kl*fa*(l-alp’«)' , -5*W*ftiMl-alp*^)"-5) * va 
dlfii) /d(w)=-kl"fa* (l-alp*w) *,5/vo 
kl=,2S 
k2=,lS 
alp=.00093 
vo = lC> 

faQ-10- 0000001 
Sbc=£to/£c 
Yb=fb/(faD-fa) 


Initial value 
le-0$ 

0 

IP 


6-09g 3p^=l 

variable 

w 

initial 

<3 

value- Kajc.iinuin value 

Minimum value 

Final n 

1D0 

0 

100 

fc 

le-06 

5.51973 

le-QG 

5,5157) 

fb 

0 

4.64730 

0 

3 . fjQltt 

fa 

10 

10 

0.073606 

C.S71& 

kl 

0 - 25 

0,25 

0.25 

0.25 

k2 

0.1$ 

0.15 

0.15 

0,15 

alp 

0.0009 B 

0-00093 

0,00003 

0.00017 

VD 

10 

10 

10 

10 . 

f a0 

10 

10 

10 

10 

sbc 

0 

177.571 

0 

0.6S3$ 

Yb 

0 

0.904405 

0 

0,15# 

f increases to 2 cetl. accords n; 

g to the above equations, |i 0 decreases by 3/4 

1 

1 

I 


and a also decreases by 3/4, The following chan was made and the selectivity' has 
gone down. 


f 

a 


6-09g dp=r2 

Var iiible 

Initial value 

Maximum value 

Minimum v^lua 

Final vu! 

w 

0 

IDO 

0 

100 

fc 

1g-06 

5 T 55377 

lc-06 

5.55377 

fb 

0 

4.64749 

0 

3-SBS3 

fa 

10 

10 

0.359925 

0.359935 

fcl 

0.25 

0.25 

0.25 

0.25 

k2 

0,1$ 

D . 15 

0.15 

0-1$ 

alp 

0.000735 

0 . 0DO735 

0 . 00071$ 

0.000735 

Vo 

10 

ID 

10 

10 

faO 

10 

10 

10 

10 

Sbc 

0 

t- 

-j 

iji 

to 

-1 

0 

0 ., 645741 

Yb 

0 

0.994403 

0 

0.392371 






Fft-9 cont'd 


When D p decreases to 0.1 according to the above equations, Ji 0 increases by 6 and 
oc also increases by 6. The following chan was made and the selectivity goes up. 


Variabl e 

w 
f c 

fa 
ki 
k2 
alp 
vo 

Sbc 
Vb 


Maximum v*lug Minimum valu. Final V a1t , 


le-06 

0 

10 
0.25 
a. IB 
0-00535 
10 
10 
0 
0 


100 

4.7Gess 

4,64701 

10 

0.25 
0.15 
0 r 00588 
10 
10 

S2.64I4 
0.931350 


a 

le -06 

0 

1.24321 

0.25 

0,15 

0.00565 

10 

10 

0 

0 


10 D 

4.70833 

4.04732 

1-24321 

0-25 

0.15 

o.Dosea 

10 

10 

0.859635 

0,46226 


Therefore choose the smallest particle and the selectivity will be high. 


|bj 

a) 


Mole Balances: 

1 

II 

%1s 

r B r c 

S.„ r 

dV fl 

II 

Laws: 



= 15 


tei.j 

r c 


= 0.015 


tr-t-Vj 

Stoichiometry; 

c , =C To 

f-1 

L^T J 

U? 

II 

bi“ 

H- F b -h F c 

S 60f b - 1 5fy 
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P6-I0 (cont’d) 


Equations: 

V 

cost 

d(fb}/d(V) 

1012.S 

1.4570562 

d (ta} /d (U) =-rc-rb 

10 50 

1.4552956 

d ( £c] /d (V) =rc 

1087.5 

1.4611432 

cao^Q,00447 

1125 

1.4626513 

kl = 15 

1182.5 

1.4638852 

k2"0.015 

1200 

1.4 54 323 9 

ft=fa+fb+fc 

1237.5 

1.4655614 

fao=0.06705 

127 5 

1.4681071 

eost:-6D*fb-lS*fc-10*£^o 

1312. 5 

1.46 64866 

ca^cao* ifa/ft) 

1350 

1.4667222 

rc=k2"ca 

1387.5 

1.466333S 

rb-kl*oa**2 

1425 

1.4663376 

V Q 0 J V f = 3CH3Q 

1462.5 

1.40674&3 


1500 

1.4665613 


1527.5 

1.4663465 


1575 

1.4660535 


Mole Balances: 


F B =r B V F c = r c V 

Rate Laws: 

1 

) 

LI 

if 

C r G 

-k t C A r c = k 1 C A 


k, = k^exp 

fB,Yl 

1 1 F -vC 


, r It 

919.67 1 ” 1 


$ = v D (60 C k -15C c - IOC Ao ) 


Use these equations in POLYMATH and vary T from 860°R to 1160°R and find 
maximum value for $. 

S steadily rises with temperature and reaches a maximum at 970°R (5lO,33“F). 


4 ~ £ “/ 




F6-10 fcom h d) 


£ fca)=ca-cao-ra';au 
f(cb)-cb-rb*tan 


0-00447 


10000 


□ -0DBJ 

o.aocs 

] 3C00 
l.907 

□ ^0 
acts 
soooo 

15 


£2=20000 


V=4 OQ 
tau-V/vo 

co&t=vo w (60*cb^l5 # cc-10 
kI^=klo*e*p(El/R- (l/T-1/913.67) J 
k2=k2**exp{E2/R* [l/T-1/919.67) ) 
rb-ki'ca '+2 
ra=k2~c& 

ra^-ki^ca* *ca 


^DO 

0ri>] 30^1 
s 3-2322 
O.OO05CD3 
6.DEi&e-05 
L. 97326c-O: 
-0.D5270CP-! 


=”(.07)(,iJ --0.07 


PX-^ 1)1-1) 


-0,0026 


0.023 


■0,0052 


( 2>(-049)C.5l) - -0.005 



P6.11 coat’d 

d) 


c) 


0 


E) 


mol 


r lD - Ia - ^ ,l_„J 


dm" •» 


mol 


, !]) =(. 3 )(. 5 !) ! (. 1 ) = 0 . 007*^ 7 

-4(.2X.049XJ1) _ ^7-g»L 

r 3u ” ^ dm' * & 


r iE = °T^— 

LE dm *J 

mol 

'=‘- 0,r “ =0 *?7r 


rrt&/ 


,„»(.2)(.049)(.51) = 0.005^ 


mol 


r - -0,07 - 0,0026 = -0,0726—■*— 
* dm *s 


r H = 0.023 


mol 
dm 5 +s 


r c = 0.023 - 0 0052 - 0.005 = Q,GI2& 


mol 
dm 3 *s 


r ls - 0 0073 - 0.033 = 0,0011 
mol 


mol 
dm 3 *s 


r F -0.005 


dm 1 



v .:i(^Aii ~^a) 


-= 4000dm 3 
0.0726 


c - 




(b) 

CSTR 


. t. M 1 F M 

t] “ k «* exp V fc J ” k i. e!t P^r ~ " 


Fp — V »C H 


*\T 946 j lD ^ R 946 J 

Stoicbiometiy: F,-v,C, F,=v.C„ F„=v.C„ F p -v.C, 

Use these equations m POLYMATH and vary T to maximize the yield of p-xylene. 
The optimal temperature would be about 1455 K (1182 P C). 


Egua tion S : 
f {ca^ tau 

f (cb) tau 

f !dn) -cm-rm*tau 

ipP } =cp - rp ■ ta u 

tau=Q.s 
*10=0,22 
* 1*20000 
*“1.987 

V 

k2 OE0 .7l 

*^^10000 

>“^{0.03 7^-ca) 

Jtl-Jclo*exp(El /r * (i/t-i/9 46) j 

2-ltao*^ [E2/R*(l/T-l/E> 4 6i 1 

rb=kl* ea 

*““1*1‘c* 


Initial va lu 
0.037S 
0 
0 
D 


U flr L O p L e 

U*lu* 

IO 

Ldt 

D. 9354400 

-9. 550?-i 3 

cb 

$-+2S2$e-Qs 

B, 45 1 e - [ 5 

C-m 

9.4 292*^-05 

S.-*S3e- L5 

Cp 

□- 30] 95*9: 

-9. nC0e-LO 

eiso 

Q-G'jy 5 


t 4U 

□ ■ 5 


t l □ 

□- 22 


El 

3D0QCI 


R 

1,992 


T 

■45 S 


k2o 

□ .2] 


E2 

3 0000 


*P 

0. SO0662 


k ] 

a.0Q53S394 


t? 

D- 1 l enun 


■* b 

0-QOOL 00599 


r m 

□ -000] F185.E35 


■"p 

0- 00791393 


r 0 

-0.0O41O24] 



Mole Balances: F^F^+^V F B -r B V F* =r M V F P = r r V 

Rate Laws: r, —■ C^k. + k,) r,=:r M =k 1 C A r,=k 2 C A 







P6-1.1 cont'd 


b) With a CSTR, start with the mole balance; 

F« - F a = -r A V 

= -r 3 V 

F c ^r c V 

F, “ f D^ 

F = r e V 
F- ~ r F V 

Next is the relative rate laws and the overall rate laws: 


£*. 

-1 

_£a _ 

jit 

] 

= is .-1 

| 

C A C; 

£:d 

~ -3 

£c 

I 

zzi^Ls k 
l *■£: 

c a c d 

-7 

_ ^3C _ 
^2 ~ 

r JD 

1 

5S ^ = k C C = 

^ - 

: r iA + r :A - 


-3k c C A C, 

h = 

r i9 

1 ’ r 

-2k Dt C A C^ 



r c - r fC + r :c * r K - k DI C A C B + k E C A C 0 - 2k„C B C= 
l D - r. 0 + ^ + r JD = k 0i C A C^ -2^0^ + k n C fl c£ 
r e = r JE " k E: C^C D 

^^SSbS ,C|, ' n il in of «n55SSESd , C mmp K, be 

I-' 

r = — 

V„ 


> ■ C A - C A0 + (k m C A C- + 3*„C A C D )r 
/(C fl ) = C fl - C so + (2*„ C A C- + *„C f C$)t 
f{Cc) = {^C A C' a + k K C A C B - 2k r} C,C- )r-C, 

AOi) ' (^di^Q , C A Cp + fc F - C 4 c£ ) 1 -C e 

/(C £ ) = rt £: C A C 0 "C f 
/{C,)** W C,C*-C> 

rhat being done we can plug these into POLYMATH and get that C* = 61 C„ = 
■ /9 ' L c = -11, C D = ,45. C E = ,45, C E = .14. C F = .25 fl 


C-2.9 




EiL^LSconfd 

£-13 (b> 

Equat lc-ce : 

£ fcafi=ca'cao-sra■nau 
£ fcb> =cb-cho-rb*tan 
f [ct)=rc * cau-cc 
£(cd) =rd*cau-cd 
f fee)au-ee 
£(c f)f *cau-c £ 
trtO = l, ■ 5 
t a u = 5 0 /1 □ 


J .^r - j a b L t’ 
ca 
cb 
CC 
L'3 
CB 

cf 

C^iO 

' d'U 

cbo 
tol 
fc &2 


U £1 l-l B 

□ .6D£i3l£ 
Q.792733. 
0- 1 3 2666 
D, *53520 

0,2b]5£5 

i.5 

5 

7 

0, 2*5 
0. 1 


rt)_ 

3>£Q8e*K 
*-563e-l« 
-8, S6Lt-®« 
4.*0]e-l* 
1,735s-!* 
4,*5*fl-U 


cbo- 2 
kdl=f.25 
k*2=,l 
Jc£3=5 

re=ke2*ca’'cd 

rf=kf3’cb*cc ft 2 

X= (cat>-ca) /cao 

r*- - kdl * ca ■ cb" 2 -3 *ke2 'Cfl * C<5 

rb*-2*kdl^a*tb^l-fet3*tb’ i cc"2 

re =kdl ” ca" c b^ 2 - kc 2 ~Ca * cd- 2’ i lt£3 B cb*cc A 2 

rd =kd L-ca * cb* 2-2 *k*2 *C<i * £d«-k £ 3 -cb'cc"2 


kT3 
r e 
r f 
* 

r a 
f b 

r c 
r d 


5 

Q.0275BGG 

□.050313 
0,59**56 
-■3. 179337 
-0.2*1*53 
0.Q225331 
0.0907056 


c) For the first case where Ais fed into a vat oF B. The following equations a* 


the mole balances: 


dC 


di 

dCe 

dt 


A. — 


= r + v a 


= t *- v ° V 


C -C 

^ AD '“A 


St 

d. • V 

iSi =r ., £s. 

dt D 0 V 

dC F C E 

^ r -‘ ¥ "“v 

dc f r v c F 

— m, . — 


di r u v 

'l he rate laws are the same as in past (a> so die only other equation needed is: 


v = v 0 + v 


ft! 


& 


\ 


This gets plugged into POLYMATH: 


6-3 0 



















P 6 -I 3 conCd 



Va-Lable 

initial 

tt&ttimicn value 

Minimujc value 

Final value 


t 

0 

100 

0 

1D0 


ca 

L, , ? 

1-5 

7.S1455e-36 

7.6L455e-3G 


cb 

T 

2 

0.305955 

1.39603 


ce 

c 

□,105737 

0 

0.000270977 



□ 

0-SS31Q1 

U 

0.0513271 



0 

□ .3003335 

0 

0.00S04S98 


c£ 

0 

□ .zigoac 

0 

0-0320647 


vo 

13 

IQ 

IQ 

IP 


tbo 

2 

2 

2 

2 


CaO 

1.5 

1.5 

1,5 

1.5 


Vo 

IQ 

40 

40 

40 


kdl 

0-25 

0_25 

0.25 

0.25 


Jce2 

0.1 

0.1 

0.1 

0.1 



a 

5 

5 

5 


rdl 

I .5 

1.5 

S.849L9e’-36 

6.84919e- i 36 



0 

0,030339 

0 

3.903326-33 


r£3 

0 

0,339239 

0 

6.96400^-07 


* 

D 

1 

P 

1 


V 

ia 

1040 

40 

1040 


re 

a 

O.Q33039 

0 

3.90fl32e-3fi 

Sflfov* . 

r£ 

0 

Q .239239 

0 

6.964O0e-07 

It!' 

ra 

-1.5 

-6.96$44b-36 

-1.5 

-S.90644^-2* 


rb 

-3 

-6.964086"07 

■“3 

-6-90403C-Q7 

p4; 

rc 

1.5 

1.5 

-0.027*699 

-1,3920 2-e “OS 

1 

xd! 

1 ,s 

1-5 

6,96403e-Q7 

G.9S4O0e-O7 


In case 1„ A h the main species in the re-actor after a good amount of lime. In case 2, B is the main 
species after a time. The conversion of A is much greater in case 2 than in case 1, Ln case I, 
however, E and F are formed more early on. 


f d) When 0 B = I a the reaction does not form as much of any of the products. When = 10, the 
conversion goes to 1 and a lot of F, but very little E are formed, 

W 


P6-14 


tJO CaO -U& Ca + Ta W = 0 
-Uq C& + rg W =0 
-Mo C^; + rc W — 0 

i 

“Mg Cp + Tq W = 0 


" -Iti Ca - fen Ca 
rB = !fc] Ca - kj Ca 
rc = ti C B 
T u - ^3 Ca 


6,-33 


Pti-14 (cont'd) 


KEY: 


1 “ ca 

2 ^ cb 
2 - cc. 

* “ cd 



F6-j5 

a) PFR 

Mole balance: 


Rate laws 


dc Kts 

dr 


dC 


dr 

dC 


a. = r 

’h 


dT 

dC 


i = ] 


Me _ 

dT 

dC T 

—~= h 

dr 

dC D _ r 

” — ‘B 

dr 


Mt 


r M =-k,C M C“ 

r H “ r M ” - r tt 

r x =-r sl -kjCxC^ 

r M e = -r si + + r B 

r T = k.CjjCj, 3 “ r* 


r B = k ;,C T C 


o j 

H 



= 0.021 
= 0.0105 


T " .5 


Plugging those into POLYMATH gets the following: 

(,-jy 



E&il£eont p d 

CSTR: 

Mole balance: 


" i r i m r jn r ]H^ 


*■ M0 


'F»=-p-«V 


h =(<‘lX + f!*) V 

Ft=(^t+^ t )V 

F M( = ( r iH< + r iHf + f»M« ) ^ 

Fa = ha 


Rais Law: 


“ f| \s — ~ ^V| “ f"r V — 


IX ■ 


l lMc 


Stoichiometry: 


“k.cS*c M 

jUH - _l itf — i 2 T - J LM* - 
= r 3 H = r J*if = 



“itu — — r„ = ^ 

r *T 

F h = v n C H 

F M - V 0 C M. 

F X “ V (Cy 
Ft 3 v fC T 

F Hr = v.C^ — v o(C H0 - C M ) 

F a ~ VjC, = V,[(C H -C M )-C„ -C T ] 

Combining all of chest; 

C HD -C H = (k,C* s C M +kX 0 H J C x +k-C„ J C T )r 

Cy=[k L Cc M -k J Cc 3i )T 

C T = (kvCjjC^ - kjCjf c x }f 

c — r — r 

'•'Mt 

C a = (^H& _ } _ 

The following is the POLYMATH program and the summary table showing all of 
tile concentrations. 


U,Sr L .?b] e 


f(chNch-dio* tk:*ch*.S'cm-k2'ch‘.5*CX*-k3 'cfch~. 5) -tag 
<c £l tcia-cmo-kl^ch-. 5 *Cm T tan 
■* <C3 <)=ai-ch".E*cm-k2*c:i-,5'cx) -*a--e* 
tc *>a<M- C h". 5 -cx-W.ct' C h-, 3 )-riau- C L. 

C ^C =.021 
k;.S 5,2 
kitJO .2 


Sol ut s -ao 
Oo I u e 


rci 




.51 
- 01 Q 5 

Che 


(Cmo- cm | - ex -cl 


£Th 

0. 00^65 IS 

3^93e-i5 

cn 

G. DC3CM G5B 

1 .^£3e- i* 

cx 

D.0D3]71*7 

2,73p-M 

ct 

□ r 0D2B£S]1 

- 1 . i95e - L ^ 

Cho 

O.Q25 


k ] 

55 r 2 


k2 

30-2 


t3 

L t*2 


5 ji_l 

C. E 1 


cncj 

C.D105 


CMP 

□ .□1323^ 


CD 

0,03 m 2^ 





4 -S.F 




P6-1 5 cpntM 

The; conversion of Hydrogen and Mcsttylenc are then: 

x _C j!lZ Q L _ 0-021-0.0078 

^ ^ S'' 


X u =-^- 


'±L = 


0.021 

0,0105-0.0030 


C N -0.0078 Eb moUfr' 
C T - 0.0029 lb mol/ft 3 


0.0105 
C M = 0.0030 lb mol/ft- 
C ^ 0.013 lb moVfr 1 


= 0,63 

= .71 


Cv = 0.0032 lbmol/fr 1 
C a ^ 0.0014 lb mol/ft 3 


b) When 0 M is reduced lo 1,5* it now takes a t of 0.24 h to achieve a maximum of 
xylene. Increasing to 10 now requires a T of only 0-08 h- 

c) To find out the reactor schemes needed, use die attainable region theory to get these 
graphs: 


Attainable region 


Attainable region 


G.GQE-03 -i 


Q.OOS y 

5.00 E-OS ■ 

: 

□.aoa - 

4.00E-Q3 ■ 

PftyS ! 

0.004 -- 

3.00E-03 ■ 


£ 0.003 ■- 

2.00 E *03 ■ 

0.Q02 -- 

1.00E-03 ■ 

Q.Q0E+00 ■ 

r 

0-001 -■ 

I 

0 - 



■.*■ 

M 


0, □ DE+Ofl 1 .OQE-33 2. ODE -03 3.00E-03 

Cb 


0.0CHJ . 


O 0.002 0.004 

Cl 

Using a PJFR would maximize If we used a ratio of inesirylene eq hydrogen of 
IO, then wc would only have to have a -I of ,08 hours. So our voulme of the reactor 

would be only 38.08 fr\ So our entering concentraions would be .0105 lb mol/ft* | 
of Hydrogen and . 105 3b mol/ft ? of Mesicylene. 


d) First find the proportionality constants of the rate constants using the 
Arrhenius equation, 

k = Ae HFyTlTl 

55.2 = A L e- |: ^ L -^ 8 ^ 

Aj, = 9.72 X10 B 
30 7 - A 
A, “ 12674 


m 


% 


11.2 - AjC" 

Ait - 8.28 x 10 1 

Once that is done, by trial and error come up with the temperature where 
and the answer is then 862K or 155I-6*R. ^ 



Rfi-lS cflnrd 


Cguatiotva: 
d{cm) /d £ t > =rm 
d(chf /d [ t) =rh 
d(cxl /d( c) =rx 
dtcn*)/d(t) =rme 
d<ct)/dfc)=rt 
d(ch]/df cj-rb 
^*-55.2 w eni*ch A . 5 
rb*n t 2* c t*ch'' - 5 
ttC=-Em-30 _ 2 *tx'ch rt . 5 
rtmjo, 2 ^cx^ch* . 5-rb 
ch-m-30.2:*cx*ch^ . 5 -rb 

. 2 *cx"ch A _5+rb 
h0 - fc f = 0 - 51 






:S S 

KE*1 

— ct 

, r . Ch 


3.3=^ _ 




C.tqg 


^ valve Maximum value Minim um val«e 


Ct|y^Q.<Jl 


O.ClQS 
tfv—0.021 

*, CX^° 

•• : «t C»e.' 0 

Cij " 

^ -«.0S39S2 

Y 

' Y* 

V^ 0 

y^^-0.oaj99 2 
063 992 

m B * 

^ Concentration of xylene occurs at t - 0.19 li 


_G 

-0-DS3&32 


c ,5: 

0.010* 

0 . 02 * 

o.oosocsia 

0-0171B15 
3 r 00477233 
0.GO130452 
-0,00230715 
3-00352127 
0.QG3S32 
0.Glasses 
- 0 ., 01263Sfl 
0.053392 


O-O00693&3e 
0.00351047 
0 
0 
0 
0 

-0 ..0&3^32 
0 

-0-00523 04 
O 

-O.003902 
0,0126JS4 


Final valufr 
0.51 

0.000C9&635 
0 -OQ3SI047 
Q-003723 32 
0.0L71315 
O'. 00477233 
0.00130452 
-0.00236715 
0.0033D2BQ 
-0.0045612 
0.00304547 
-0 -012G3B4 
5,0125104 


(,-37 




F6-lrfi 

a) 


Start with the mole balances: 


dF„ 

<)F,o - t 

dF„ 

"dv" ” r ’' 

dV '" 10 

dV 

dF 7 

dF* 

d^j. 

dv"* 

*1 

1! 

*- 

dV 



Then the rate laws: 

fii = —k|C } |Cn 

r iO = k 1 C H C »] “ k l C H C l« 

r 9 = k : C„C lD — fc,C H C, 
r ft - k 3 C^C 9 - k 4 C H Cj 
r, = - kjC^C, 


— kjC H C, 

r H = ^CflCi, + k,C H C l(} + 


kjC^C, + k ,C^C a + k,C'C T 


Finally ,the stoichiometry: 


F = C ■ v D 


Putting ull of those together end put it into POLYMATH end get the following 
program and answers. 


Kydodealkyation Read: ion* 

d(cll)/d(Vl =rl/vo 

d(c9Kd(V) M-r2 + r3) /vo 

diclO Wd(V) = [-xl + t2) /vo 

d(cS) /d(V) >=i-r3 /vo 

d( c7) /d\V] = E-r4+r5) /vo 

d[cS) /div)=-rS/vo 

dCchf /d[V3 =<rl + r2 *r3+x4-rf) /vo 


In irial valug 
0,137 
0 
0 
0 
D 
0 

0.333 


vo-1 


*5=2-1 

_S07=eb/ (c7-H.oaoopoi) 

S09=C0/4c9 +.noool* 

QllUr ,1 

3S10MC?/ . OOOP1) 

s3*=c9/ F C 10 +cB h-ct 7 +cG 4 hODO0OQOll 

r5^kS*ch A .5*c7 

kl=k5*l7 . S 





cont f d 


k2 = kS ,1 lD 
JO=k5*4.4 
5t4B3tS-2.7 
^l-cll/cuc 
± 2 = - k . 2 * ch" , 5 "eld 
r3 = -k3 - ch".5'cS 

rl = ^-’cb'" ■ S fc cll 

r4=-k4-ch".5*cfl 

v o - D - V. __ 


Variable 

If 

Initial 

va lue Kaxi-TYiiM value 

Hioittioni value 

V 

0 

0 . BOOD63 

0 

CB 

0 

0.0 5 q 13 5 7 

0 

eu 

0.137 

0-137 

0,000105711 

clO 

□ 

0.05511G1 

0 

cS 

0 

0.0550404 

0 

C7 

0 

0.017QL25 

0 

C6 

0 

0 -0033S49S 

0 

Ch 

0.399 

0 -395 

0.000335509 

Vo 

1 

I 

1 

fc5 

n t 




2 - L 

2.1 

2.1 

SB 1 ? 

ft 




c 

Sfl -4133 

0 

559 

ft 




0 

1-23942 

0 

Clio 





0.1 

0-1 

0.1 

S&13 





{? 

3 . 7-6551 

□ 

5&o 





0 

0,973562 

U 

rs 

-0 

-0 

-0 -007031-]! 


O.BQO063 
0.&45204& 
0,000109711 
0.003267*3 

0.0560404 
0-027012^ 

0-00336435 
0.-000315609 
1 

2.1 

2 . 0745 
1 , 2334.2 
0.1 

S-S5S61 
C .4^304-: 
-0.001025^3 




k2 


kl 

X 

i' 1 
E2 

rJ 

cd 


36 -96 

3f .!?6 

3G. 96 

36.96 

21 

21 

21 

21 

3.24 

9.21 

9.2* 

3.2* 

5,5* 

5,-fiT 

5.6? 

£.&? 

-0. J7 

0.396033 

-0. J7 

o,?*sgos 

-a.15B11 

-T,523igfl-0& 

-3 .15911 

-7.3-2E1De-0S 

-0 

-0 

-0.697704 

-D.0DL999L1 

-3 

-0 

-0.220371 

-0,30751363 

-a 

-0 

-0.3623992 

-0.C05T1^17 


The ratio of hydrogen to pen tame thy Lbemene is 2.&3 aod the volume is Q.6 m - 


b) Shown in this POLYMATH program, which is the same as the first, we see 
that the ratio now becomes 4.3 to L and The volume increases 10 6.S ni* to 
maximize 5^. To maximize it follows that the volume would be smaller 
because the earlier the reaction is ended the less C7 that is formed. 


6“I6 

Variable 

Ini. z-Ial value 

Maj-r imujn value 

Hi n i vb Inc 

Final value 

V 

0 

6 63*3? 

0 

6.36193 

e9 

0 

O.D1*40E5 

0 

1.S3553B-05 

ell 

0- 0£2 

a. 09 a 

2.56315e-15 

7.56915a-:a 

cIG 

0 

0.0S372LS 

3 

B.i744Ge-li 

lH 

1} 

Q.0307025 

0 

0.00107129 

c7 

0 

0,2*64Sl7 

6 

0.023-9036 

C6 

0 

0.6^71031 

D 

0-OS71P3;, 

ch 

0.434 

0.04 

3.230fl3e-Il 

a.29Q0lE-ll 

VD 

1 

1 

1 

1 

kS 

2.1 

2.1 

2.1 

2.1 

567 

0 

75.7226 

0 

H.0H3317 

E63 

Q 

*1.3212 

0 

0.2212 

Cl la 

0 .1 

G - 1 

5.1 

0.1 

= 910 

0 

125.560 

5 

1.59256 

= 9d 

D 

0.973312 

0 

O.OOOLT3130 

b5 

-2 

-3 

0.027 oca 

-2.6fl995e-J7 

kl 

35.96 

35.95 

16.36 

36.35 

k2 

21 

31 

21 

21 


3.24 

9.21 

9.21 

3.21 

fc4 

S. 57 

5.67 

S. S7 

5.67 

X 

*.05 

L 

o.oe 

1 

rl 

-2.34009 

-5.14 S3 £#-22 

-2.2*009 

-S.HGSSe-22 

r2 

-C 

-0 

-0.530735 

-1.0 0-9 Oh-14 

r5 

-0 

-0 

-0.2-54 663 

-0.41O65B-1Q 

r4 

-c 

-0 

-0.06S74S9 

-3.i£4 0^q.-0? 


■k m 

S? SEE - 






P6-17 


(a) Enter the given program into POLYMATH. Equations for the concentrations 
must be added. 

The following maximums can be seen in the graph given. (More exact values can 
be found in the corresponding table in POLYMATH.) 

= 0.0434 and 0^ = 0.0033 



P 




t- 


Equations; 

d(fe)/d(v|=kl*(fa/£t)*(£b/fcl**(l/2)-k3*ffe/£t> +k4*{£w/ft 

)* Cfd/ft) 

d{fa)/d(v)= -kl*(fa/ft)*(£b/ft)*M1^2)-k2*(fa/£t ]**2 

d(£b)/d(v)=-kl/ 2 *{fa/ft)■tfb/ft)**( 1 / 2 ) 

d{fwj/d(v)=;k3*(fc/ft)-k4*ffwrft]*(fd/ft) 
d(fd)/d(v)=k2/2 *(fa/ft}*’2-k4*(fd/fe)*{fw/fe) 
d[fe)/d(v)=k3 *(fc/ft) 
dffg)/dtv)=k4* (fw/fti*[fd/ft) 


Initial val ue? 
0 

9.83 

4.91 

0 

0 

0 

0 


kl=0.t>4 

f t^tfa+fb+fc+fd+fe+fw* fcj 

k2=0. D07 

k3=0.0L4 

k4=0.45 

vo=lfio 

ctDi=a.l47 

e*=cto*(fa/ft) 

eb^-cto* (£b/£t) 

ec-cto*(fc/fe} 
cd=eto*(fd/£tJ 
ce=eto*[fe/ftf 
cw^cto*(fw/£t) 



b 


eg=cco’[fg/ft} 
v r, " 0, v r- 


100(3 







PS-17 (corn'd) 
(b) 


Overall yield of HCOOH : Y c = — 

F - F 

1 *0 1 A 

Selectivity of HCHO ioCO : ^ 

f e 

Selectivity of HCOOCH, to CH ; OH: 5^= — 

F o 

Selectivity of HCOOH to HCOOCH , : S lZD 

F d 



Add these equations to the previous program and use it to generate the desired 
plots. 


I 



*n! 5-ce <rm* u? 

\.2±Z -r- 



<□? 5-a* u-e, □! 


2.CCZ - 



d.+lP? 0-5*4 O.liSS 


ii*- .iL "? 


4 ^ 


P6'I7 (corn'd) 

(c) Modify [he original POLYMATH program by adding y 10 each of the 
concentration terms. Also add the following equation: 


ft’-. 


1 


m 


[£ v 


dy _ -a 
dV ”^7 


F t 


1 T<j 


Fto = 15 


Initial value 
0 


cr = 0.002 

The graphs of concentration down the reactor are very similar to those generated 
in part (a). The only major difference is that with the change in pressure, the 
maximum reactor volume is significantly smaller. 

Equations : 

d{fc)/d(v)=kl»(fa/ftj *(fb/ft) ** { 1 / 2 )*y-k3+(fc/ftj*y+k4*(f 
w/ft)* ( fd/ft}*y 

d(fat /d[v)=-Ja*(fa/£c] * (fb/ft) ** [1/2 t *y-*2M fa/ft) "*2*y 
d(fb}/a<v)=-kl/2*[fa/£L>*(fb/£t)“(l/2}'y 
d[fwj/d(v)=k3* [£e/£tf *y-k4*(fw/ftj*(fd/ft) *y 
d(£d)/d[v)=k2/2*(fa/ft)**2*y-k4*(fw/£t)*(fd/ft) *y 
dffe)/dfv)=k3*(fe/fe)*y 
d(f G J /d(v)=k4*(fwftj*(£d/£t) *y 

d(y)/d(v}=-0.0o2/2/y'<ft/£ta) 


ID 

5 

0 

0 

0 

0 

1 


*2=0.007 
*1=0.04 

ft=£a+ £b+ ft + £d+ f e -i- f w+ f g 
*3=0.014 




*4=0.4$ 
vo-100 
£to=l5 
cn=fa/vo 
cib=fb/vo 
cc=fc/vo 
c:d=fd/vo 
ce-fe/vo 
w= fw / vo 
eg-fig/vo 
v 



0 - 0, v 


- r ill - p F i “ 


£ ^ 1000 


$ : j I *: 


4-43 





P6-17 (cont d) 

W 

*,i * ejtpl 




r'r„ 


Substitute this equation in for all of the k values, Vary T and Find out 
temperature maximizes the yield of C, . „ 

The best temperature at which to run the reactor i. 


P6-18 


(a) 


Mole Balances: 
Rate Laws: 


Stoichiometry: 



Use these equations in POLYMATH to generate a plot 


of the flow rates vs. t. 


r.iiH ti. S-a#*-'" ' 



(b) For a CSTR 

Mole Balances: Fc = ^cc + r e^ Fi,=r r V F^-r^V F 0 r rt 
r c ~ — k-iCc — kjC(. 
r A = k,C c + kjCp ~k 4 C A —k s C A 


r p = k,C c "kjCp + k,C* 
r a = kiC A 


Rate Laws: 


P6-1S (coin'd) 


F c =v w C c F f = V „C P F a =v o C a F q = Vj.Cq 
ffCc) — 0 = C c ^ C Ce + (fc, + k, )C c r 
f(C P ) = 0 = C F -(k,C c -fcjC,. + kjC A )r 
f{C A )=0 = C A -(k,C c -k,C f -k 4 C A -kjC A )r 
f(C o )=0^C Q -k s C A r 

Use these equations in POLYMATH to generate values for the flow rales at different 
vatuei of r. Use these values to generate the desired curve. 


StolcEiiomclry: 
Combine: 


j. 1 -: JU a t LQC5 ! 

£ (cc3 =cc-cccm- <fcl+k2 ) *ec* tau 
f [C&3 =cp- ^ kl*cc-k3’ l, tp’i-}c4 *ca) ' Lau 
f (ctO*ca- (kl*cc-kJ *cp-k4 ' ca -kS * caJ *tau 
f (cO-co-kS-'ca^tau 
Ccoc2 


Inicial. v a L\ie 
2 
0 
<1 
0 


ki=0.12 
k2=0.046 
k3 = 0 1 02 
k4efl.034 
vo=lO 
k5=Q.04 
V=3D0Q 
£c^vq*cc 

fp=VD T Cp 
£a^vo'ci 
f-Q=VCi"CO 

tau=V/vo 


a a-Li | e? 
cc 

CP 

CD 
CC □ 

k 2 
k2 

k 4 
vo 
k5 
U 
Sc 
f P 
F,1 
f o 
I au 


SqL utL on 
Ual up 
C.33337tii 

C, 23 171 S 
□*00«3B£5 
0, G7iQS0B 
2 

D. 1 2 
0,0*6 
0„C2 
CLC34 
LG 

C, 3* 

3300 

0, 39370 1 
3, 1 L 7 L 3 

D. 0S33S65 
D-7G063S 
300 


fO 

-a,9-15e- [7 
- 3 .G7C*-Ls 
-2,309*- | 5 
-B,513e>- ] 0 







Give?i: Liquid feed no C5TEt 



t =0 


With the following rc^cson sequence 
kt 


A —* C 
k 2 

A —*■ B 

B -► C 
*U 

F-» B+Dt 


-f| B fci c A 
- f i - c* 

*rj = ki Ca 
-r* = k* 0 


kt - 0.01 ntici' 1 
kj = 0,02 min’ 1 
It) = 0.07 min- 1 
ki = 0.50 l/gmol - min 


kj kj 

(a) Since C is an end product. formed through intermediate B by either A —* B —> C or 
** *j ki 

F—»B + DT—»C. or directly from A —* C, the maximum concentration of C occurs 
when all A and F have been convened to C: CL,.t -C An + Cpo, (with e = 0), 

(b> Both A and F are only decomposed by the above sr hume- 

Balance on A: too C A p -1* C A =(-r A ) V^ri - ri) V =(k t + k*)C A V (a) 


k )^ g(k k ]T 

( -A Ug 


orC* 


Cx 


ML 


0.4 Emol/1 


_ 0.4 gmoi /1 

1 + t*i * W t I + t 0.01 + 0 . 02 ) min 1 " 1 * ( 0 - 03 ) ( 60 ) 

' '2 1/mijv 

C* = 0.143 gmoi / I 

Balance on F ; u 0 Cfo - Vo Cf = (-tf) v = k* Cf V (b) 

Su I Cf Cf - Cpo - 0 when: t = ^ 60 min 


C.-4-C 




P6-20 fcont'd) 






Rate Laws: 


sfl* 

- r A ” ^+* 3 * +2/31* 

-r fi -1.25r lA + 0.75^ 

1 

*t = -r lA ^ 2 r 3 s + r < 

-r D =-I.5r lA -1.5^ 


-r £ “- 0 . 6 ^ -5/6^ 

" r r ” ~ 2 r JS 


x n 1 c ia I va 1 ui£ 

l 

1 

0 

0 

0 

0 


Use these equations in POLYMATH to find the exiting molar flow rates. 


fcS "VO^ca- £ ao-?!i 
W •vo^ch- £bo-r b" 
e 1 *W*CC-rc-W 
ii"vo*cd-rd*w 
tlfrtfa'ct-re*’* 

*(l *wa *cf -r f 

■W - 

'—* if W 

—W* fbo 

U — t 
2-* tno 

b" * 

I/"- K^- 

1^- K3 

*Hr 

>• }« = VptC(L 

8 >»v ■ " 


JAl >>* 


a 


Sql jr=. ?" 



4ts - Ve^ ^4? 

U L } 

-i> 


mm 

ct - 

cn 

c* 

Cf 

wo 

8 40 

M 

Ibo 

r ha 

k L 
*2 
K 3 
k ^ 

J 5 

i *1 


C-9M92? 

D.3E*7?27 

G.dEiL^p+ga 

tt. 303^1 27 

a.Oaadd 

3.29* **-03 

LO 

LO 

3 

LO 

s.oai2 

5 

3 

LO 

5 

g-m-92^ 

B-3*?77 

□.0L^5>se 

3,032*122 


-3.3 I 3*--a: 
*.23*-] fi 
-1,S7**-L4 
-7. 3*3*-L* 

'3. Zi**-L3 


* L 
- 3 


r D 

^ -C 

■■c 




^ J 


3C3riL352 

2. re*H#i-□* 

C, =05^037 
C.0C2 330^3 
: .o*aie*-a5 

3. H:33i*-C3 
-.^irjr-CiS 
t3QL3£h3l 
-C. 0035**72 
-<2-0593^-58 
3.3055*959 
C-Pi 353*- 


r, = 

Y?.^ vKt. Ai.,1 

XV - vKo ■* C A WV 

X 3 ~ 'fKo#:K 3 %-c£z#C.y 


Y^ 


-&£r» 


fQ, £ 0'54 , fa_+ 

"4 = -r ( 

Yfa ^ -M5^o*Tsii^i 

*4t * isfjt i-5r^v^ 


y bf = 


Y^- 


F E 

3.6*I0‘ J 

F*-F* 

10-9.989 

*v 

2.29xlG“ 7 

^Bo — 

~ 10-9.973 

Fc 

0.0178 

F *.-F* 

10-9.989 


- 0.336 


= 8-25 >; 10“ 


-1.663 


&-Y? 















P6-23 tonl’d 

Ecpja.c ions- s 

1 1 £ti t- i, - rti **V-fhC-H- fh 
f[£c^=rc"V-fc 
C r fca j* = rca. 'V- £ ca 

V«tOOO 

Chp-IQQDO 

CSn4320 
£SwV?200 
*1*2.7 
3Cl*.02S4 
«-. (?■? 

F2*.04 
T*-iQ3 
Fbo*1400 

a-a.aos 

vo-2.41 s'? / pbo 
Pti- £ h " a . 3 09 ■ 4 01 .- vd 
ysf c / (fbo-fbli 
Pc j £c^5l .209"T/vn 
P^Ki*fhD p- S," , t/v6 

£t-r- [kl "BLI -p=r Ph" . 5| / | i + KL*P&J 
rc*“*2 T K2-?c tKs M l^-Kl * Pe 
rh-^ I rb^ -*2"Et2~Pc-?b/ <l-K2~Pc I 
rc=- |rbl - k2 ■ K.2 ^ Pc ■ ?b/ (1 *-K2 * Pc) 


I ni c.a.a L value 

le-09 

S 

0.5 


SoLyUfln 


Uar i .=jb ■ e 

L ue 

f a 

Oa riable 

Ualue 

f h 

6X5613 

S.S26e-l 3 

PhD 

1945,2 

■f c 

3232,03 

l,£M?e-12 

r b 

'■9,08426 


S52. 10 3 

2.3^2e-1* 

r* Cd 

c. 8521 a: 

u 

I ODD 


r h 

-9.S3644 

r ho 

1 3OD0 


r C 

3.23203 

f b 

4320 




f DO 

P20C 




k l 

2.7 




K 1 

0*0264 




ic2 

0,07 




K2 

a. 04 




T 

403 





Pbo 1400 

P 8.3G9 

Pb 84 Q 

vc 17214.3 

Ph 1 2_3£4 = 

4 2.65036 

Pc 1601.31 

The highest yield occurs al pressures: P™ = 1400 kPa 

P™ = 1945.2 kPa 


fO 


(e ' V - ^ 








E£a24 

00 


Ma]c Balances: 


dF A 

dv 

= ^ + flA 

<fF, _ 

(JV ^ Fj '* “ r 2A ~ ■tje 

dV 


= 1^ 

dF E 


dv 


dV “ ' riA 

dV 


Rate Laws: 

-r u =k,(C A C'-C t /K,) 

=ki(C,C b -C E C # /K 5 } 

“*J C ~ 


Stoichiometry; 

F i = f * + + F c + F d + F c +■ F a 

C — F| » 

Tt RT 

Use these equations in POLYMATH, Vary P o sad T. to find the optimal 
condmocs. We determine these to be: 

T q = 315.3K P*-160 atm V^iOOdm 3 


Ini-ial vaLug 

€ 

14 

4 

■3 

4 


EqVftt Ifl-l S : 
d l E e I V d \ v j ■■-■ t*2 a 
difbj /d(v| □2-rl*-r2a--3e 
■i < -i) /d i v] arl a + r2 a 
d( /ci !vli =-ria*r3c 
dl-£J/dcvl 

d^dj /d (Yj = r2 a 
£ Z-f a- fb^-id-h f d * * *4- f g 

To=3!*,e 

Po=l£-3 

TeT^d 

kl=. 93 3 -*ic5[f 2 .5^3LJ02/1.3a7- - /33D-1/TJ I ) f 

K1 = ~ 3 L557 ' (0 . . 39 T - | l/r-i/S i j 

k2= -SJe-ttspiiaooo/i.ssT"n/3Qp-i/Ti i 
K2 =10 3*0* exp I *4 JO 1.967- ( l/t- :/ 25 B ;. | 

Ct;o = Po/ ■; , 052^X0 I 


ca«Cto »(*aSfz\ 
cfadLa" lEb/ft) 
«fcCCff*(Sc/£v 
ed=cto fc (£d/rt) 

-3cp-:<3 

-2a*rc4-cd 


"fT3/T3 
“ fT'd/TI 1 
”[ToVT] 
MTo/Th 
*(.*<?/TJ 

‘2-ce/il i 
-CC/K2J 

20q 


4 


4 ? 




Pti -24 (cont'd) 

6-24 


ViElabl e 

Initial value 

HAalnuM value 

HlfiiTTfUm vaj.ce 

Find! ralLLg 

V 

0 

20" 

0 

200 

fc 

6 

9.33332 

6 

& . 99553 

ft 

Li 

17.2036 

14 

15.4?19 

fa 

£ 

6 

0.16*752 

0.104792 

fc 

0 

C ,907053 

9 

0.602001 

fj 

0 

L. 13754 

5 

1,13754 

£=1 

1 

4 

O.OO1O027 

0.0:441756 

ft 

30 

3D 

27 .-1337 

27.*903 

To 

315.S 

31 = .6 

3LS.3 

315.0 


160 

16E> 

16D 

ISO 


315-9 

215-0 

315-9 

1 Li. 6 

kl 

0.00413571 

0,00426571 

0 ,00*20571 

0.00423571 

KL 

2731.12 

2751,12 

2791,12 

2731.12 

*2 

2.8dl 22 

2.36122 

2 .33122 

2-69122 

K2 

407SL.5 

1D76L.5 

4G76L.5 

4076J.5 

*3 

0.0143699 

0.03 43339 

0.-1343333 

0,0341699 

Otg 

■6.17605 

5.17666 

6,17666 

6.173^6 

ca 

L.23573 

1.21673 

0.0415214 

0.0415214 

ch¬ 

2 .36337 

3.63*72 

2.093J7 

3.45136 

oc 

G 

0.2 0 2 ■■ 93 

0 

0.153250 

c-d 

G.323011 

0.323321 

0.000216*62 

0.000392615 

ce 

L. 23573 

2.24735 

1.23573 

2 .24595 

rk 

-0 

-0 

-0,00636333 

-C 00527054 

rla 

-o .0*40399 

-■0.032156*7 

-0.0440299 

-G.0C215647 

rZa 

-a 33501 

4-00043 05 

-2 .93305 

4.00C43t-05 


Synthttii.* 



7 e _ 

0 

0 . 4402044.5 
a.fissmjj 
c . 823 . 3470 ; 
fl.SIGi;?! 
0.90359743 
0.89276942 
0.355433S3 
0 . 9047005 ? 
0.74660073 


300 


0.6053335 


<p - so 





P6-24 (coijt’d) 


( b .) 


* Sydro « m E“' W carbon monoxide. and 1 carton dioxide 

J5^Jj Sul “ “ a™ 1 ” “> *°*e in pan (a) in [bat *e optimal volume is still 
difference 1,1 ^ **** 


Methanol Synthesis 

SgUa^iQFUflj 

/d (V) «:U+r2a 
*tfbl/d(v) S 2* r ij- r2 i- r 3 (: 
i(?cj fV} =-rla^r^c 
^(W/d(V) =-r2a 
3-f^o? /d. {v - ^ ^ 

*^3* /i3(tT] =rr 2 a 
***** + FtH-Fc+?d*Fo- ■*■ 

***315. a 
**<60 
**T* 

■13166?. (0,001W*T> ‘3**^ p 0620/1. 

■' , *Sl 6 * e i T(1MQ0/1 5B7 . 

2* ^ 3 '^^«4/!. 9 a 7 * {1/T , 1/29B ; 
.^■a^'wepd.,5*28556/1.96?'(1/325 

^■Pio/f.Oej.To) 

(Pa/Ft) *(To/T> 

rH * CttJ ’ ' (To/T) 

^** e O*(?c/Ft) * (T<6/T) 
r^ 60 ' lFd/6e) ■ (To/T) 
■Cto*(Fe/ ? . M ( T<)/T) 

^■-fc3*c c 

* (Ca*Cb'2-Cc/3(l) 

' 3tI ‘ ^^^Cd-ctt-as/itj) 

v i = 200 

THethanul Synthes if* 

Fc 


Initial vj. 1 i.j 
8 

16 

0 

6 

0 

0 


U/J 30 - 1 /T) J ) } 


38? *(1/T-1/29B) ) 

) 

) 

•1/T) ) 


Synca*,t* 

VirlatL. Lftitiat v* 11j fc 


V* o, 




io 

40 

ft 

10 

loo 

uo 

140 

Uq 

10 Q 

aoo 


H 


1 ■ 2443563 
2. 012BX51 
2.4406221 

2 . £3-66715 
2-SS0332 

2.(3 292203 
2.S1936S& 
£.376310 
2-2171S69 
2-05193S5 


Fb 

Fc 

r« 

F-ff 

rd 

rt 

T<s 

PF| 

T 

kl 


kJ 

Cto 

CO 

tr- 

Cd 

Cfl 

CJt 
rl* ‘ 
ri- 


0 

□ 

30 

3 is. a 

in 

SUB 

0-c*h:;*s7l 

zm.ii 

2 • i-S 12 2 

«7Sl.5 
o 33413^ 
s. iTa-E-s 

1-44,7£c 

s,a^S2i 

9 

C 

1.SJ3T3 

-■9 

-C . STfifiT? 

C.-30QJJ?4S4 


HAXihMW VB.1-.J* 

ZdO 

8 

K 

a , 6115 
e 

4. Gn-r-Sfi 
a .300590030 
3 a 

ns.i 

1SD 

315.1 

n-aoisss^i 
ars-L.n 
2-Hflna 
wrti x r g 
*- 02430*4 

£-L70(i 

1 . b47 £< 

3 .rfszer 

:i T243SS 
Q e0C1S57JL 
L.<S3351 

-a 

-d.041G4Ss 

^.Qa02a7H34 


61 -^ri 


Kin in 


i-anas 
1 00*33 

d 

S-JJJ41 

0 

0 

31.34B5 

HS.B 

Ifilj 

31S,I 

d-fifi4ZS57L 

27fl1,LZ 

2-50122 

fld75t_E 

d-G343B54 

E-170SE 

0-S«7i:7 

2 33^! 

0 

9 

-.23571 

-a.3mi_2 
"d ,GTSS7H 
l-22r?4-*-t7 


FlftJt-L VMlur 

Z30 

1 9410* 

7.5371g 

2 . 5 51S J 
5 , S9S1- 
* ■ *07 54 

0. CiOoS S-3 0 i p 
2L.00P* 

J1-5 . $ 

mo 

3 IS.a 

fl.03424471 
STsi.lJ 
3.-53122 
4d7SL.5 
d . -93 41^9 * 

& lTa€5 
e 447S1T 
2 ZJfii^ 

0 - 57 9 2]J 
3-^-3315^7^: 
1-S51S1 
-:• . Jus: ?-a 

-C CI15-L0S 
3.24112C-0B 









P6-24 (corn'd) 


3.CD0 T 


r-eLhafiaE 



£ - 6 ~ 3 , 







Mole Bounces: 


Rate Laws; 


Stoichiometry: 


dC, 

dt 

dC E 


= r c 


dC 

dt 

dC F 


Ej_ _ 


di dt 

r, —r,-r, -r 4 

r E 


_ wk,C A C ft 

j M - 




= r F 


dC c 

dt 


h =-r, 

r P =r : -hr 4 

wkxx 


r c " -r. 


* + k a c a 

r j = w k>Ce 


f, =- 




L = 


i+k a c a 


Wk^C^C,: 

I + K a C a 


=0.54kmol/dm* = 54Qmol/dm 3 
from Henry's Law: 

C ^ = 5.9 MPa (<1058kmoJ/m' ■ MPa)= 0,3422 inol/dm ’ 




Use these equations in the following POLYMATH program to generate graphs of C h C , 

C c . C r and C F as a function of time. 

initial value 



Mr 



Equations: 
d (ca] / d (t) ara 
d(cb}/d{t)=rb 
d(cc)/d{ej=xc 
d(Oe)/dftj-re 

d( C £)/dftHrf 

*1«C.000468 
Ka=22.76 
Jt2 = 0 r 00O227 
X4=0-00147 
U = 0.00202 

rl=w*!<i*ca*eb/ tl+Ka^ea) 
rt«w+tL2*ea*cc/ (l+l£a*ca) 

r4=w*]t4* ca *r ce ^ (l+sa*ca) 
Tb=~rl 
re=r3-r4 
rf=r2+n4 
-rl-r2-x4 
rc^rl-t2-r3 


0.3422 

540 

Q 

0 

0 


O, 


20 


b-53 










pft-26c(ml T d 


I 


t 

ca 

cb_ 

cc 

cf 

u 

111 

U 

*2 

Jl4 

k3 

rl 

rl 

r* 

rb 

r* 

r* 

T* 


Initial val’Jg 

0 

G.1423 
*40 
□ 

□ 

0 

10 

□.□□□463 

22,76 

Ci. 000227 

□.00147 

0,00293 

0 

<□.0304025 

0 

0 

“0.03*4035 

0 

0 

-□.099402S 
0.03*4025 


KaximuiD vaLda 

20 

0.3422 

540 

0.111641 
0,1351*8 
&.3132te-Q5 
10 

0.0004*3 

22.36 

0.DOO227 

0.00143 

0.00292 

□.□□970927 

□.□304025 

1,621*-05 

4.361654-06 

-2.21381^-19 

o.aQ&7a**s 

2,0777@n^Q5 

-2-222QSe-19 

□.0904025 


MlfiiffMin valTJE 

0 

*.ieS13*-20 
&39-61* 

0 

0 

0 

ID 

0.0004*8 

22-76 

□.000327 

0,00147 

O .□□23-2 

□ 

2.31*014-13 

0 

□ 

-□.U9&402S 
□ 

0 

-O.B9B402S 

-0.00314596 


Final valufr 

30 

9.1flSL3*-30 

*39-658 

□.20567* 

0-13*390 

6.17*264-05 

10 

□.□0046ft 

22 36 

O.QDD223 

□ .00143 

0,00282 

0-DDSBOO02 

2.3193U-L* 

4.2383ae-13 

l.B4l£7e-22 

-3.31*aie-l9 

0, &0£00002 

2.27Q51*-22 

-2.322O0C-19 

-Q ,00580002 


KEY: 


— C& 
CC 

— ce 


Ca. Cc, Ce vs. t 



Cb vs . 



i 


Cf vs. t 

imi#i ::* 1Z=I “ 

KEY: 















CPEfr_A 

Given: The foDowing system of gas phase reactions: 


A- 
A' 

A 

Finding selectivity: 


B 

C 

D 


. Al —2 mol/dm 3 - min 
' r *2 = tmin'C 

rim 


'A 


‘jO 


18- 


^cs - 


6*C. 


^cd - 


mol-min 

6 


18*0. 


To minimize B, make C A as high as possible. Therefore use a plug flow reactor. 
To m i n i miz e D, make C A as low as possible. Therefore use a CSTR. The above 
two statements contradict each other Therefore look at the numerical values. 


C = -2- - . 
" RT 


405,3fcPa 


3.314 


= .097 


■500K 


dm 1 

mol 


mol-K 

and since S = S t +5 C + S D = 0, 

— X F ) = 0. 

Examining the ratios at final and initial conditions: 
Sno — —T— »0.291 


6 * 1 * 097 

S CTf = =.0291 


S™ = 

CDO 


Scop - 


18*.097 
6 


= 3,4 


= 34.4 


18 * .097 * 0,1 

f H seems to be the undesirable dominant reaction the whole time so keeping C A low 
will maximize C the best so use a CSTR. If we tried to change reactors, we would 
want Sc, = S^, but the only time that happens is when C A equals 1/3 and It never 
can. 

5*- l '- 9 - ,35dm 1 


v = 


-r. 


2 + 6 * .097 * .1 + 18 * (.097) 1 *.f 


£PP6«n 

i) 


C A0 -U 0 C A + r A W = o 

-tJoCa + r a W^O 


-uo Cc + rc W ^ 0 


'^0 Cp +- rp W =■ 0 

r A - -kj Ci - k^ C A 

rs = kiC A -kiC B T a = kjC A 

r c - k 2 C B 


















f {cbl —cb* tki*ca*ca-k2*cb> *^vfl 

f toe} ■-ec+ 3 tZ»eb*w^vff 

f ted) =r-«d*k3 *ca*wM 
f teal -caf-«- tkl -ca*»-k3*ca) -"^0 


Value 
a. i94«L0‘ 
0,t55>-lJ' 
*. 3S5-L*’ 
ST.29SM0’ 
B.R3BB 
3 .400-10 
0. 600-11 
0,0103 
Z.50B0 
50HH.S 


(rat ♦real /v 3 
(-ral ♦rbZ) /v2 

-rb2/vf 

-ra3/v3 


ral■-kl*ca*ca 
kZ-.00B4 
rts2 --k 2 *ct> 

k}.,0006 
ra3»-k3*ca 
vf=2« 5 

Initial, values: ^ 

cd ff - 0.0 

Final value: Wf* 


k| = 0.0014 m 3 ykgcat-s 
k 2 = 0.00146 
kj = 0.0000765 




























F -t'wu* 

■ \ ■yJf L 1 

CDP6C 


*i 

A ^ H c 

^ I 


*2^ C 
Bach reactor* y^ = | 

(a) kj = 0.01 sec-l , t =: 1.5 min = 90 s 

A_>B -r A = k,C A 

N *»^-rAV 

CA0^ = k l c A = k 1 c AO (i'X) 


kidt 

"‘(rfeH' 

. . l ' X ' 

iS X l ■ 1 ■ e ' fclt 

Ca * Cao (l-X^ ss C*o e- k,t 

■ 

r 11 t * r ' " «^ t> ‘ 01MW) = 0.4 L 



Cb) A — * B 

ret = -r A = kiC A 

Xi 

B -+C 

fC *^2^ 

x 2 

b-»d 

rt» -kjCa 

X, 


■ 

■ ^-iSi+r c + it f --k l C A + k 2 C B + t|C B 
w3C a , 

ft’ ’ k iC M c^*[t 2 + ltj)CB 
-dCa 

"ft" = ^°- 01 ) (°2) c- 001 * + (0 003 + 0.002) Cb 

; Z f IL --O.OQ2[l. e ^u] + o,005C B 

U,bl ** ^ungc-Kutta Gill numerical solution, we find dm, for t = 2 min = 120 s. C B 

! ®-*36gmo|,yo,3 



<6 - 5*7 


CDP6-C (coat'd) 


(c) - r c - fc i Cb 


^-* c > 




C B dt 


Ftoci ihc soiunan in pan (b). wc have values of Ch at intervals as small as 5 
use Simpson's rule to obtain Cc: 
t ~ 1 min - 60 sec, 

Cc = 0.003 (f){0 + 4 (0.0449) + 2(0.0782) + 4(0.102) + 0.1183] 

Cc - 0.0129 gmoVdm 1 
1 = 2 mill = 120 sec 

Cc = 0.003 j^j (0 + 4(0.0782) + 2(0.1183) + 4(0.134) + 0.1355] 
Cc = 0.0366 gmol/dnr 1 


T 1 

C* 

e„ 

Cc 

-ts 

0 

0.2 

0 

0 

0 

—m^ 

0.164 

0.0572 

0.0018 

0,00 u 

4(j 

0.134 

0.0950 

0.0065 

0,0043 

—ri 

o.Ifii 

0.118 

0.0129 

0.0083“ 

— m — 

—6.0899 — 

ijTui - 

0.0205 

070136 

—ns5 

— <rmr~ 

0.136 

“070285 

“ 0.0755 

HS 

0.0602 

07135 “ 

00366 

0.0244 

140 

0.0493 

0,l3l 

<63447 

0.029& ■ 


" o 0404 

0.125 

' 00523 

0.0349 

~mr~ 

— mmi 

0116 

0.0595 

0.0392 

S53 

" O.C27 r - 

0-107 

0.0662 

0.0442 

TH) ‘ 

0,0222 

' 0.0982 

0.0724 

0-0482 

240 

0.0181 

0-0890 

03)779“" 

0.0520 

260 

0 0L49 

o.oaoi 

0.0829 

, 0.U553 

280 

O.0122 

0.0717 

0.0874 

0,0583 

— asm 

:&'.O099” 

0.0638 

0.0914 

UJ3609 

320 

0.0082 

0.0566 

— 070949 

0,0632 

340 

" 6-6002 " 

! 0-0499 

0.0979 

0.0635_ 


t>- £~Z 











































































(corn'd) 





120 J 60 200 240 290 320 

Twim is} 


“•«*«»» of e u high™ «■ - 1 10 «o, *h« VJlae h ft I363 

Balance on A- 


Salairc^ on A - 

Fao-F a + t a V =5=0 

^A0 * Ca - k| Ca t = 0 
Cao’ Ca (l +fc 1 -o 


= 0 


-A 


Baiancftnn R- 

f b<i - Fa +fgV = o 
C ® + < k i C A - k Cb - kj Cb> V = 0 
-Cfl +■ k| C A t - k 2 C B t - k 3 Ca T = 0 
Ca f 1 + k^ t + kj t) = kj t C A 


C A0 (1 +■ k[ t) 

I 


C A - £&il_tM+jc3t) 
M 


-s—-_„_ Ca (I + ki x + kj -c) 

Cao 1 + k, t Ca* k) x 



Ca 

k* 

KV‘. .jUr 

Cab (1 + ki tj (1 + 

10 

: <VCab 0.08 

50 

0.26 

100 

0.33 

i occurs at t s= 1 50 4 


i*h=«c..| 



150 

034 


200 

033 


300 

03 


300 

0.23 


$■ -s~9 

















CPP6-P 

First, find the values for k. 

k, = 2989e < ~ iamtSlM, ‘™ } - L2 

k,=9466c Hwu<wl?I, '™^,.l8 


kj = 11 t27e (_l5 ' fl * t ' MJ *® 7 *™ 0 ^ = .22 
In (his problem Isobutylene -1 
Me th acrolein = M 
CO z = D 
CO-C 
Oxygen = O 

The mole balances for these species are as follows: 

F[ = ( — *L| “ *71 ” r jj 

P« = f| M V 
F^r^V 
F C =^V 


Oxygen is m excess so we will assume that F„ = 
The rale laws for these reactions are as follows: 

■^ r H — -Ho ” ~ ^CjCgg 


-“4r j0 _ L _. r ^ 

—f n ^ 25 ~ 4 m ~ K2 '“ 1 ^ Cw 


^ ^ - kjC,C w 

Combine all of these and come up with the following: 

C K - C, = + k.C^ + k.C^)! 

CQ0 — C Q ™ (JCtCjC^ + kjCjCoQ + — kjCjC^Jf 

C D = 4 ^ kjCjCoflT 
_C c = 4 * kjCjC^T 

Before plugging into POLYMATH, evaluate the parameters and derive equations 
for conversion. 


C T =: -£- — —^--0034 

T RT 082 * 700 

C B = y*flC T = 4 * .034 - 0.0034 

C OT -0.031 



x.^x^x.-x. 


e,-u & 






CD P.6-P coat'd 


f * 


Then plug into POLYMATH to get the following 


Equationst 

f Jci.) =C3.-cio*- [JcL*ci + roo+X2 *di*caa+kJ *ci*cdo> 'tau 
£ {cm} =kL*ei ^c(jo*t^u-cm 
£ (cd) - 4 * - c i *c QO * 
f t Cc) = 4 r C i * cqq * tai; -c c 

f (COt =co-toQ* [lei*ci*»o*!5 M -M ‘ci 'cqc+ 17/2 *kj 'ci-coo] ■ C d U 

cio^.0034 
Jci-i .2 
coo= .031 
fc2=-13 
*3*.22 
t^u^lO 
3cl =s cm/ do 
x2^.25'ed/cio 

3c=(cio-cij /ci 
x 3 -k- 3 cI-x 2 


Xnitia] 


0.0&1 
0 .UUl 
0,004 
0.004 
0_Q1 



ScL L Qrr 


War- i able 

03 1 ue 

fO 

CL 

□ -00227^3 

-1.77Se-12 

Cm 

0. Q0CB^5455 

l-O]lff-12 

CCT 

C. DD05D7273 

-1,381*-L 2 

CC 

□ - OCzs ^ b ; a 

3,835*- : 3 

CIO 

0,003* 


k 1 

1.2 


cqa 

CLG31 


t 2 

0,2 3 


k3 

C. 22 



10 


** 

□+2*0553 



□- 0372395 


>: 

0,*5£ 


*3 

0- 21Q037 



Xj - 0.4% X tJ - 0.25 


= 0.037 Xjj =0-21 


(p j 


valat 


cs m =E 


^ KCg 



r A - k L C A r a — k,C A ^ kjC B 

Once that is done, then ii gets plugged into POLYMATH and the composition can 
be found. 


After 6.5 h, the answer is found to be: 
y*=-44 
y* ~ -37 
y c = .i9 


Equationsi 
d(ca)/d{t)^ra 
d(cb) /d(t)=rb 
cc=. 5*cb 
k2-.00l 

a =.002 

r ra=k2 *cb-kl*ca 
rb^kl*ca-k2 *cb 


initial vain* 


1 

0 


- Or 


-f = 390 


Variable 

Initial value 

Maximum value 

Minimum value 

Final valu? 

t 

0 

39D 

0 

390 

ca 

1 

1 

0.540249 

0.540245 

cb 

0 

0.459755 

0 

0,459755 

cc 

0 

0.229B78 

0 

0-229878 

k2 

0.001 

€ . 001 

0.001 

0.001 

kl 

0.002 

0.002 

0.002 

0.002 

ra 

-0.002 

-0.000620734 

-0.002 

-0 -000620734 

rb 

0.002 

0.002 

0.000620734 

0.000620734 















A +■ B —> C't- D 
C + 5-4 £ + D 

First, fmd r. To do this use the original design equation for a CSTR: 

y — aa 

Then since F^ = C^v Q and x = V/v Q then the design equation becomes: 


Using the rate law and stoichiometry we find: 

Combining all these and solving for t when X - 3, C A0 = 1 and k ( = 

C.Jv .1*3 


k^fl-X) All* A*.7 

Once that has been calculated, redo all the mole balances: 

C A(f - C A - -r A r 

C M “ C B " 

C c - tc r 

U-O ” 

= ^ 

Then do the rate laws: 

-*A “ k fc C ^ 

-r s — k]C A + kjC c 

r C = A. “ ^jC c 

= ^S-'A +k^Cc 
r £ ™ 

Combining and rearranging into a function: 

/{ CJ^0 = C A ^C M + k l C A T 

/(c n ) = 0=c> - c*+(b,c A +k,C c > 

/(C c ) = 0^(k l C A -k 1 C c )r-C c 
/CC 0 ) = 0 - (k t C A + kjC c )r ~ C„ 
/(C E ) = 0 = k ! C c T-C £ 




rnP6-F cont’d 

Plug those into POLYMATH; 


6-F 

Equations: 

f(c a)= ca-cao*kl"ea 1 tau 
f fcb) =cb-cbo^ Ocl^cA+kS^cd 
f tec) == < ki*ca-k2*ec} 'tau-cc 
t tcdj = fkn,*ca.-!<2*cc) *tau-cd 
f («) =k2*cc T cau-ce 
cae- T l 
kl =.412 
tau=X- 04 

cbo°. 14 
k2“.055 


Solution 


Utfiacle 

Ualue 

fO 

ca 

0.0700015 

lJHe-15 

<b 

0.109382 

-1,023*-11 

cc 

0.0233726 

3.172*“13 

cd 

0.0316:31 

-aio5e-n 

« 

0.GQ162231 

USTSb-U 

cao 

at 


tl 

a+iz 


tau 

UD4 


eba 

<LH 


12 

0.055 



C c = .020 need F 0 - 10 
v -f£.= ^-=157gaUh 


.028 


V^'TVa = 1.04*357 = 371. 3gal 
b)No solution will be given. 


CDP6-G 

Fust, write alt of the equations in terms of symbols: 

(1) 4A + 5Be^4C + 6D 

(2) 4A + 3B»2E + 6D 

(3) 4C + B»2F 

(4) 4A + 6C t*5E + 6D 

(5) 2C » E + B 

(6) E + 2B «=> 2F 

Set up a coefficient matrix: 



A B 

Species 
C D 

E 

F 

(l) 

-4 -5 

4 

6 

0 

0 

(2> 

-4 -3 

0 

6 

1 

0 

(3) 

0 -1 

-A 

0 

0 

2 

(4) 

-A 0 

-6 

6 

5 

0 

(5) 

0 1 

-2 

0 

l 

0 

(6) 

0 -2 

0 

0 

0 

-1 2 

'6 / 







CDF6-G (coat'd) 

Now. reduce the numbers in column 1 and rows % 3,4,5, and 6 to 0 by adding and 
subtracting with row l: 


(1) 

'-4 

5 

4 

6 

0 

0 

\ 

(2) 

0 

2 

-4 

0 

2 

0 


(3) 

0 

-1 

-4 

0 

0 

2 


(4) 

0 

5 

-10 

0 

5 

0 


(5) 

0 

I 

-2 

0 

1 

0 


(6) 

.0 

-2 

0 

0 

-1 

2 


Next, repeat this for column 2, rows 3,4,5, and 6; 

(D 

'A 

-5 

4 

6 

0 

O' 


(2) 

0 

2 

-4 

0 

2 

0 


(3) 

0 

0 

-12 

0 

2 

4 


(4) 

0 

0 

0 

0 

0 

0 


(5) 

0 

0 

0 

0 

0 

0 


(6) i 

,0 

0 


0 

1 

2, 


Finally, repeat for column 3, 

k 

rows 4 n 5. 

and 6: 

a) 

-4 

-5 

4 

6 

0 

O' 


(2) 

D 

2 

-4 

0 

2 

0 


(3) 

0 

0 

-12 

0 

2 

2 


(4) 

0 

0 

0 

0 

0 

0 


(5) , 

0 

0 

0 

0 

0 

0 


(6) 

.0 

0 

0 

0 

1 

2j 



From this final matrix it is apparent that there are four independent reactions. 

We then use reactions 1,2, 3, and 6 to define ourX values: 

X - AF *l = AF*. = AF c , _ AF 0 , 

' -F Ao " -1-25?^ F„ l.SF^ 

X - _ ^s. _ *** 

1 -F Vj " 0.5 F As 1.5F*, 

X _ ^*>3 _ AFn 

3 ~-0 B F^"-© 8 F A , _ 2© B F Ao 

X ^E6 _ _ AFfti 

4 -0-5©^ “ ~© 8 F^ 


£> - (*£ 



ntjia n oj >! 


Species 


CDP6-G (cont'd) 

Fforu hens we generate a Stoichiometric Tablc. 

Change ~ 


Initial 

T 


Final 


' F A „(l-X t +Xj 


„ ... —' FUi-X^X,) 

^ A 4 ACi > k 3 

0B F An -F Ao n.25X ] +O,75X 1 +0 B Xj+© B X^ F J je (r l-25X 1 +0.75X,+e # X 3 +e i X*) 

0 p (X,-4e B X 3 ) 

0 F a T.5X ]+ 15X 3 ) F^UX.+ LSX,) 

2 F 'j(l5X,-0.5XJ F„(0.5X,-0 5XJ 

0 F A „(2e B x^e B x^ _ 


rtQ x. f. 

F A „{20 ft X 3+ 0 e XJ 


Balance on A: 
dF 


* 


dV 


= i».-(-r,-r,-r,) 


F 4 =F„(1-X,-X ! ) 


■p j. f < ^ a = _r _ r - r 
F a* d v + A " dV 1 1 * 


Balance on Bi 


Balance on C: 

Balance on F: 

Combine and simplify eo get 


-r s + 7 r js _I « 




dX, 
dV 
dX, 
dV 
dX 3 _ 


F- =^~ -f. 
** d V 


dV 


0, 


dX A ”T E| •+ “i Hh 


F ~ 

dV 


0, 




- 






















CEE&J1 


A + ^ B -> C 

2A —* D 
A—► D/2 

Ctd = 0.15 mo i/dm 3 


CfVM0.7H.I5?* = Q.04 

tj Cf D ^ (0-6) (,15p= 0.0135 


Fa 10 mol/mui 
s 5 root/min 





ME 


£-6 7 









CDP6-H fcont’d) 


The squat i era: 

dtfa) xdfv) .-.0-4* fa* a 135* Cfa^ft) **2 

d ffb) M (v) --.02*fa* ffb^ft) **. S^ft 
d C fd >d (v) -. 04* fa* (fb/ft) ** ■ 
d(fd) /d (v) -.00675* (fa/ft) 
ft* fa* fb*fc* fd 

Initial values; 0.0, fa^- 10.000, fbj- 5.0000, fc 0“ a * 
fd^- 0.0 

final value: Vf- 1000.0 


CPK.-I 


Kj^I + F{2E) 
A+ i-B —* C ^ 


+H 




D 

2 


kjCro 
*4 Cto 


A' 

- LOS x ItH 
= 1.35 x 1(K 


kj Cto + k* Cto = 2-4 x to- 2 



The eauatiorts: 

dCfa) ✓d (v) — .0i*fa* tfb/ft) **.5xft-.0135* (fa^ft) 
d CfbJ^d tv) —.02* fa* (fbxftl 

dtfeVdtv) -.04*fa* tfb/ft) **. 5/ft-.024* (fc/ft) 

dffd)/d (v) - .00675* (ta/Tt) -*Z 

d ( f<s) /d (v) - , 02 1 * C fc/ft) 

d(fg) /d tv) -.0135* (fc/ft) 

d ffh) /q £v) -.0135* (fq/ft) 

ft-fa* fb*fc* fd*f«*fe*fh 

Initial values: v 3 » 0.0, fa^- 10.000. fb 0 - 5.0000. 

fd^- 0.0, 0*0, 0.0. ih^ 4 8.0 

Final value: Vf= *0B0,0 




**2 


fCj* 0.0 





CDP6-I (coin’d) 



























CDP6-J (cont'd) 


The a ona: 

d(fa) ✓d(v) 04*fa* (fb^ft) *« , Sy ft-- 31 35* **2 

cKfb) yd tv) -’.32* fa* * * - 5S ft 

dCfc}/d Cv) - .34*fa* IfTs/ft) ** . 5^ ft-. 324« (fc/Ft) *p 
d(fdWtv) -.99675* Cfa^ft) **Z-p 
d tfe) yd (v> -. 321* (fc/'ft) 
d (f*) yd lv) - . 3135* -p 

dCfhJ/d Cvl -.3135* (fc/ft) 
d t oo sa (v) -p 

ft* fa* fb+ fc*fd- fe- He 

p* - 45* * (fg/ft) 

Initial values: * g = 8.9, C&g- 13.333, Ib g * S ,3333, fc^= 3,3 
fd f = 9.3, fe F = 0.9, fa^= 3.3, fh a * 3.3, fk 3 = 0.B 
Final value: v f - 1993.9 


V 

fa 

£b 

fe 

£d 

0.0 

10.2S3 

5.III! 

I. 3 

0*0 

$3.ess 

0 -*866 

4,6323 

Jff. 7BT-47 

0.1394 

IJJJT-tfJS 

8.0036 

4,30IB 

L.2SS4 

0*2530 

t50 + 00 

7.2050 

4. M2 8 

l. 7$ 49 

0*3553 

£00.00 

6,5026 

3.7363 

Z. 1Z4H 

0-4327 

250-00 

5-9672 

3.5003 

Z,4128 

0*4609 


5.4230 

3*2905 

3.6319 

0*5253 

351*00 

4.95?g 

3.1046 

2.7941 

0.5430 

400.00 

4 r 5454 

2.9396 

2.91 tn 

f.5466 

450,00 

4. 1333 

2.7931 

2.5939 

0.5366 

500.00 

3*3645 

2,6626 

3.9347 

0-5165 

y 

fa 

fb 

fe 

fd 

510. 0 S 

3* 0645 

2.6626 

3.9347 

0, 5165 

553,S3 

3,5026 

2-5461 

3.9555 

0. 46M 

6I3\00 

3.3325 

2-4416 

3.9549 

0.4S67 

650-00 

3.L096 

2*3470 

3.9366 

0.4214 

7 33,S3 

2.9101 

2.2630 

3.9936 

0-3040 

750.00 

Z .7309 

2.IS63 

Z.9505 

1-3482 

assess 

2.5692 

2*1166 

2.9935 

f- 3126 

bSS.BS 

2.4226 

2.0530 

2 . 3 496 

0.2707 

900.00 

2.2093 

1.9947 

2.7713 

0-2460 

95H.00 

2.1677 

1.9413 

2.6977 

0.2174 

I 330_0 

2.0563 

1.3921 

2 .6194 

0,1906 


<£ - 70 




CDF6-J (cool’d) 


KEY: 


1 _ fa 

2 - ['fa 

3 ■ fc 
■* ' ft 







6 - 7 ! 














mP&-K 

^ $ Have to determine best temperature, flow rate of propylene and which 

actor system. Start with both niote balances: 

PBR: 


dF h 


dF, 




dW 

F w -F P = -r,t' 


i§L« r 

dw “ dW T 

CSTR: 

F d = fp.t 

Next, do the rate taw: 
r 9 — -k L C|Cj. r F =■ ~lc s C B C P - 

r, - k = C ( C; 

the stoichiometry: 


■ = r t 


*5^ r 

- — Cfj 


dW 

F ( -r,t' 

q = IttCaCp -k.CjC, 






To find ideal conditions, use oncW the reactors to find the: idea] temperature and the 
idei entering flo 1 * rate of propylene. Like ibis example using the PBTL 


G-K 


ian.s : 

dC£U /d(MUp)^ri 
d ^ f p) /d l e*-jp ^ -rp 
d [ fd3 /d [ ta-jpS -rd 
d t £b| / d (t-aup) nrb 
T = £00 

hi = 1. 7 a &7 *exp!-7 3 9 0/ T1 

k 2 = 5 .?*7?exp(-10QQ0m 

rb^-kl^b",^^ 

rpta-kl'fb" .9’fp-k2-£i fc . Wp*,S 

ri=kl*£b x - •'fp-k3-fi~-5*fp^9 

taup 0 = 0, taap f „ lp „ os 


IninlaL value 

□ 

31 

0 

U.fi 



Emetal waLu? 

Mas?iniLirn value 

Hir-inrunr value 

Final valuft 

taup 

0 

7-&**37 

0 

7.55+07 

Cp 

3L 

31 

19.-4466 

19.4456 

£i 

0 

LI.5534 

0 

IL.5534 


0 

2 .5O903*-Q5 

0 

2.5.Q903;e-05 

fb 

il.fi 

11.6 

£„04£fi:« 

0.0466102 

T 

200 

200 

2.00 

200 

hi 

■3 .3 

i . j j J '-16 e — Q 3 

3. 3 0 470^-c J- 

5 , 3£49&c-0!> 

K2 

T-l3«7e-iS 

7,11637C-15 

7.I3637e-i5 

7.l3fil?e-lS 

srd 

& 

3.S0627e-L3 

0 

3.50533£-13 


-9.4420Le-D7 

-4. 132C*e-&? 

-9.443^-07 

-4.1330615-09 

ri 

9.442&l*-0:i 

5 . 44201£-07 

4 U1TU-09 

4.1J17U--59 

r? 

-9.4410U-0 1 

-4-U241*-09 

-9.44201«-0? 

-■1 .132415-09 


C-7* 










am=K coord 


The best temperature is 20OK and the flow rate should be 31 mol/s or 2678 kg 
polftay. The x' found for the PBR. is 7.5* 10 T . Using the CSTR with the same 
numbers tt is found that the t‘ found is PlO’l So the PBR is better. 


«“(C 

Equal: 

^ £i3 -ri■taup-fi, 
*rd"taup-fd 
fbo^xi t € 
ta,up=l«x2 
£po<ii 
T»20£> 

^1*3.?4a4*ftxp (-7350/T) 

^■3 <7d?~exp( -I0O00/T} 
3Cd*k2*£l-,5*f p -^ 

*P B ’tt*£b*,»*fp-k2*£i*.S-fp 


Inicial vaXufi 
a .2 
xe 

ii 

0-001 


Wari abl b 

Ual up 

fO 

fb 

O. 14?£54 

2.29?-15 

f P 

13.0934 

2.70 ??-15 

f! 

L LI 141 

1.01e- IS 

fd 

0.33822a 

3.3H7e-I? 

1 bo 

11.6 


t 3LTP 

1&M2 


i PO 

3* 


T 

200 


k ; 

3.05430^-12 


t2 

JM3637p-15 



M.14523*-l 1 


ref 

3.3a22S&-13 


rp 

-l.13066 b- 1 3 


r \ 

LttMlp-11 



n>£^M 


s ou = 


20600(texpC-»] Pi ,p 
=17606expf- 




5690h 


T J 

Noti(» the selectivity is completely indejrendent of the pressures 01 me two reactants 
therefore, the reactor could be either a PFR or CSTR without changing the selectivity. 


AtT = 450 D C S DV *6J 6 

At T ^ 350°C S ou = 1.9 

So. the temperature should be at 450°C in order to maximize the selectivity. 













mpfi-N 

a") To determine which reactions ant necessary, make a matrix, out of the 


a) 

reactions; 


-I -1 
0 0 


0 


0 

0 

0 

0 


0 

0 

0 

0 


1 1 
-l -1 1 

0 


0 

0 


-1 

0 

0 


0-110 
0 0 0 1 


0 -1 

0 0 


0 1 

-1 1 


Reducing it gets this matrix; 

'-1 -1 1 


1 


0 

0 

0 0 


0 -1 

0 0 


0 

1 


0 

0 


0 

Lo 


0 

0 


0 

0 

0 


1 -1 o 
0 -1 1 


0 

0 


0 -1 1 

0 0 0 


Therefore reaction 6 can be isnored, 
b) l) In a packed-bed reactor, these are the mole balances: 

dJv 

—- = r T 
dW T 


dF 


M_ _ 


dW 

dF, 




_ 


dW 

dF, 


- r t 


FX 


MX. _ , 


dW 


l .mx 


dFo*,. 

d^TMB _ f 


& - 74 









CDPti-[Sf cont’d 

These &re the rate laws needed 

r _ -k,FV^ 

r T 3-- 


Stoichiometry: 


r M - — kjf^Ppx 

Z 2 

r Px ~-’ PtP ^ ~ k ‘ P ra ~ ^PmP^ 
2 - 

- J C ^ P l*y ~ kj P MX ~ ^ gP^F^ 
2 i 

E _ 

z 1 

C= 2L 

J RT 

c-c i 

T Tf*. 


p. = 


C Td RTF 1 P- m F 




r 'n? 


r T0 


Combining: 


A 10 

A= ^r 0167 

jgr. - -fc.AVA 

dW Z 1 

_ ~k,A 2 F r F M - k,A^ - k, A*F..E r 
dW 2 i 

-k,AF„ - k.A^ R. 
dW 2 Z 

= ^AF w - k,AFy, v - k.A : E.F.-. 
dW ^ 

aw z 2 

dPiMB . _ jjjjA F m F pk + k^A^Fufu^ 

Tjr . dW 

Piiggmg into POLYMATH gets the following graphs: 


£ ' 7i' 






















CPP6-N tout’d 


S-N 

Eyqri at lofts : 

d(ft)yd(w)=rt 
d ( £ieO /d Jw) ^rta 
fpx) /4( w) 
dUfraxl /d(w> =rmx 
d (foxi- /d<v) =rox 
d(£ccnb* /d (w) =r^&b 
Stl = 3 .9 

j.al+ 3 . 3 * . {IL61*£px*13 .6* .0167*£uu(*-3i , 3*-0l67*fwc*2l5* , tH6?*£t 


initial vatu* 

X00 

300 

a 

a 

o 

o 


tnb 

*4=1-2 
*3=2,3 
k^X4. S 

rt = -fcl w -QlG7*£C--Ql£7*£ni/z~2 

rox=kl-.0167 

Etato=(l;4*. 0167-fin*-. 0167 *epx^S*.OL67*fm'.01ST‘fmx)/z“2 

em=<-kl‘-016?‘fc*.0167*£m-k4*.0167*fm‘_0167«fpx-k5*.0167*£:»*■ 

.OlSTfnuc) Zi'-a 

Epx= (kl*. 0157'if-0167 *£:n-k2*. 0167 »£px-k4*. 015? *£m*.0167*£px 

) fz~2 

THUtw(k2*.0L67-£3x-k3*.O167*£nK-k5*-0U7*£m*.0l67*£iMc} /z"2 

spox= i t i tok> 0 ) chen (rfix) els e (0) 
spc£ftb-i£ ( rzTot&Q) then,(rpx/rtmblelse(0) 
spmx= it (™x>0) then {rpx/rjruO else t Q h 
« 0 - d. w f = 1(>000 


'Jmzzmbl* 

IniGlpt- V*lU* 


HioLhim -y*lui 

?LUl '■■i 1 <:« 

W 

<y 

143PB 

4 

i;343 

Cc 

Jnft 

3ofl 

lli.TIJ 

is*.til 

£■ 

33 <5 

103 

113.17 

111.*? 

2p^ 

4 

LM.4T1 

3 



D 

l.S»iZ 

3 


Eds 

3 

4.1712 

3 

J . LT21 

C Lfifci 

□ 

22-4432 

S 

21.1411 

:<i 

>■* 

} 3 

1.1 

] .t 

z 

L 

Sl.MtT 

1 

SL.ll-.T 

k2 

g. > 

a * 

n.y 

=1 .1 

k-i 

1-5 

1.2 

Ir.l 

1.3 

kJ 

2,3 

M 

11 

. 2 - 2 

Jcl 

U-% 

1*.S 

U.3 

:j ,5 

rc 

-tVJHl 

-4.43i&3Lfil 

-17,fl*34 

- 3.3423 J L S3 

rwc 

4 

3.34314117 4 

3 

1.1*7*J*-3S 


4 

3.IZltlL 

3 

J ,343T7l3r 

rp 


■Q 33ZQC4TN 

-*T.m* 

-J. 402*3*74 

zpp 

n .»04 

34 

4.3tlLUtl 

S.4311JS34 


a 

3.34 fill 

4 

1.17l3T*-« 


4 

b . 3 ib-a-^g J 

□ 

3i.34*? 

rp-:ib 

4 

4131.1 

3 

1 4*5 H 

1[MK 

3 

21*34,4 

3 

» 121 


£ - !(,- 














amii 


tout'd 



<o-77 



















CDF6-N cont’d 

2) In a CSTR. these are the mole balances: 

F TC -F T =-r T W 

f mo “ f m. = 

F»x ” f HX^ 

Fqx = %*W 
^"tmb " *™a^ 

The rate laws are the same as the packed-bed and so is Che stoichiometry, combine 


all of those: 


k A 5 F F 

Fr.-Fx-^^^W 

Fmo-F m = k i A ' F T p M - - k ; A‘F H F MX w 

Fpx ^^ a 3 f tFm - z k * A Vr* w 

c _ -^^Fpx — kjAF^ — k 5 A F^Fj^ 
r MX _ 3 --— w 




p = k^A F^F pk + k a A F m F mK 

1 TMB ™ — ’ ^ 


Plugging into POLYMATH gets the following graphs. 

Motar flow rates vs catalyst weight 


3GG 



* FI 


5000 TQ&QQ ts&oo 

catalyst weight, <j 


20DOO 


- 7 ^ 


J§ll£ 















CDP6-N coat’d 


.0167*£mk+33. 3 -.0167*foji+215*. 0 l 67 *£ t 


6-cib2 

E^uatlons^ 

£(£c]=£t-£ ZQ-rz ■ w 
f (fm) -fin-^xo-rifl^w 
C(fpx)=rpx*ir-f PK 
£ffox|.=irQx*v-£ox 
£ C f Jttic) =nrtK* J rf- fmx 
f = rciribTv-£E-nfa 

w^2Q0og 
f£op=300 
fcl*3 r 9 

mb 

k3»2.3 

* 3 * 14.45 

■. r ^-^V0167*f t -.a-67»Gn/ 2 -2 
»S«=lt2V0Le7*fnBC/z^ 

0157-2- . fllST * a . fB . f]lnt)/l . a 

SEfijj© _., 1 ' Ol6 '* f "*' 0137 ’ £= ' ,c4 *- < i-57''fm-.aie?-fpx’k5'.oie7''2’e 

a rjtxj/ E -2 

•ttmb-rpx/rtmli 


i-£■ lal V'aL'j.g 

150 

150 

100 

50 

50 

50 




roao r 
f 

6300 f 




s&do 


E< ! ' 


V.',.-.-:- 


ffeSJ 6? 


W 


Pfe- , 

fes v 

Ifib 



Selctiviiy Of Px to OX v« catafyst weight 


* mCK 


5000 


I00OO tso^tj 

Catatysl Weight, g 


20 OO0 


6-7? 












SitactlvEllti 


CPP6«N 


cooE’d 


Selectivity of PX and MX and TMB vs Catalyst 
weight 


t&Q 

* 

ISO 

140 * 

I 

iap ! 

ioo | * 

Go! 

i 

60 : 
-10 
2Q 


V. 


500 0 T0000 15G0& 

CataFyvt freight 


* 

■ m SPtfFUP 


ZOOOO 


c) Changing the ratio of Toluene to methanol finds the maximum of PX occurs 
a* a ratio of 1.5 to l- Changing the Concentration of the entering (changing 
A)stream finds that the concentration o fPX increases as the total confutation 
increases. 


Finding the ma^dmum of MX worts the same way and the ratio is 1.61 to 1 and 
agau higher concentration yields more desired product. 
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cpr<-rc cont’d 


cf) Increasing the temperature shows that the ratio to maximize PX gets smaller 
and is now about 1.14 to I at fi 7 <; a r' . . s™ smauer 

“>W i, jus, Bate «,«, moIe of pST"* Empewu “ dMS “• ““ 



I— J 

A r™ 1 


a .out 



□ ITU 

no J 


. 3 D5- 

.113. 



IT MT 

71 7.1 



□*W 

ir*.\ 

: 


0.1 

170 J 



0.1 IT 

«vi 




Hr 3 



h.3^ 

nri 



o .it 




0.115 




... a.i 




0.21-7 




IT 111 

bl.1 


DTI H4i 



*.3*> 

ila.j 



*■? 

Q)j 



f »] 

>71 



d.-MF 

ZH.l 



4.4 




2§J3 

__. aM.j 



B.44T 

ITtf B 



□1 

ia7 



0.53 

TIM 



*1 

HM 



fl.F 

Jit T 



P * 

»7.h 



0,3 

T«.i 


___ » ~fe*. 1 



c)No solution wil ] be g i ven 

m&a 



=* HP,) «c P -€*-**' 

f(C 0 ) = C o -r 0 r' 
ftCJ-C.-r.r' 
ftC B ) = C„ -r B r' 
*rC c )»=C c -r (: r' 


i«t 


>*». 


- — _ 

+ 0c, +|k,+-ik i )Cp 

k i * 688e^ nj ««iT 


k z =3.5xI0 _1 e - IJIMlT kj , 328e ^s»«T 4xl0 * c -a,awT 


I* *r 


XI 


r c =3 r xr 


r A| f A2 ” r AJ 


r 0 T M > r Ai J r Ai 


Zr^S°to m»? e ,? I ? W - ne - POLYMATH Plenum Vary T and plot the 
“*kt!lat the sdecriui^f desi ^ ed P a ph. Varying the initial concentrations of P and O 
dectivity of acrolein is independent of the feed composition. 




















































CDP6-Q (coat'd) 

Initial value 

Equations * "-— 

£{ep>=cp-epo-rp*tau 

0 1 

tic o)?co-coo-ro"tau 
f (cal=ca-ra'tau 

o 

f (cb) =cb-rb*eiau 

■Q 

£{cc}=cc-rc*taa 

cpo=0-5 
tau=l 
coo^O■1 
R-8,3144 
T=$00 

S=c*/(cb+cc+le-10) 
kl=68S*exp{-77500/R/T) 

*2-1.5e-4*exp £-1312/R/T) 

Jc3^33 * B*txp (-73630 WT) 
ka-4e4 * exp f -38000/R/Tj 

ra^kl # cp-co**(l/2>/(Jca*€Q**(l/2} + (kl+0/2?*k2+(l/2^X3)* 

cp3 

ra2=fc2"ep*eo**(L/2)/ tka,*co>* U/2) + (Jcl+ 0/2) *k2 + (3/2) *W J * 


qp> 

ra3=k3*cp+c&**fl/2]/{ka+co"* 

=F) 

ra=ral 

E-b=p*2/l 

rc-2/3*ra3 

rp- - ^al - pa2 ” JT-al 

ro=-rai-2/9*ra2-4/3" ra3 


(l/2)+0a*(9/2)*lt2+13/2)*M1* 


U*Ll£* 


MWJV 

a.4*133T- 

□ .O+M-" 
lraKi-i* 

J.3337.HV 
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-*L 
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ii,H« 

D-. j 4 I t+iHi 

a.DO-LTfcJV 

XiLI+ l > 
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■ Lti'-- i 3 
* l.-TOf- 11 a f 
X-iOT-r-lJ 

I.LL”fL+ r-a 

i ,-***-:3 


■j-y.i-dt' 

•5.^V4Jl 

-iCK*4^ 
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Chapter 7 

P7-1. An open-ended problem that requires students to create and original 
problem and solution. 

F7--5 "What if. . problem. Part (a) is usually assigned because the student can 
load the living examples E7-2 directly on to the computer and determine 
when the PSSH FAILS. Also ask the students to plot the concentration of all 
intermediates a function of time. 

Problems F7-3, P7-4, P7-5, F7-6, P7-7, and P7-8. all involve the PSSH- 
P7-3. Is usually assigned in tire graduate course. 

P74. Is the easiest of the PSSH problems. Good reinforcement of PSSH principles. 

F7-5. Requires some imagination to realize there is an intermediate NO* that is 
formed. 

P7-6, Fairly difficult problem. 

ii>-i 

P7-7. True problem concerning motor oil degradation. At the undergraduate 
level only parts (a), <b>, and (c) are assigned- 

P7-8. Just for fun. 

Problems F7-9, F7-10, P7.ll, F7-12, F7-13, and F7-14, are problems concerning 
enzymatic reactions. 

Real data supplied by General Mills. Somewhat open-ended. 

Good graduate level problem on enzymatic reactions. There is an 
inconsistency in the journal article. 

Straight forward problem to calculate and K m . 

involves enzyme inhibition. This problem is actually solved on the CD- 
ROM Professional Book Shelf material. 

This problem on enzyme substrate inhibition is often assigned because the 
CSTR has mu)tipie steady states. 

Fairly straight forward problem to calculate and determine which type 

of enzyme inhibition is octurring. 


1*7-14. 


P-7-1 
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Problems P7-15 through P7-23. involve polymerization and are currently only 
assigned at the graduate level. At the undergraduate senior level, one might 
assignF7-17and/or F7-20. Most problems are quite long, 

P7-24 r Straight forward reinforcement of Monod kinetics in a batch reactor. Fairly 
short problem using POLYMATH. 

F7-25. A fairly straight forward, but time consuming, problem to plot the data. 
P7-26. Straight forward problem using POLYMATH. 

F7-27. Very short (Ca, 10 min.) problem. 

F7-2S. This problem shows an important application of bion^ss in ^ petroleum 
industry. That of bacteria profile modification (BFM). Fairly tune 
consuming yet realistic to plot and analyze all the data, 

F7-29. Very short problem to reinforce the principles of Monod kinetics. 

F7-30. Fairlv straight forward new (1997) problem using POLYMATH ^ stud^J 
should be asked to go beyond what is asked in the problem statemen 
carrying out a parameter variation and sensitivity analysis. 

P7-31. Shows the application of bacteria growth to degrade toxic chemicals, Tht 

problem is somewhat open-ended. . fWt to 

P7-32. Straight forward problem using POLYMATH. Could also ask the student 

do a sensitivity analysis. 

CDP7*A Alternative to P7-5 and F7-6- 

CDP7-B Alternative to F7-6. 

CDF7-C Alternative to P7-13. 

CDP7-D Fairly straight forward. 

CDP7-E Assigned at the graduate level. 

CDP7-F Seldom assigned. 

Q3F7-G Advanced problem on bacterial growth. 

CDP7-H Not assigned at undergraduate level. 

CDF7-I Assigned every so often. 

CDF7-J Fairly straight foward. 

Summary 
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Solution 


P7-1 
• P7-2 

Assigned 

A ller nates 

Difficulty 

Sf 

Time 

70 

Given 

No 

Partialfa) 

• P7-3 

AA 

4,5,6 

FSF 

50 

Yes 

P7-4 

AA 

3,5 

SF 

40 

Yes 

9 P7-5 

A A 

6,7,8, A, B 

SF 

30 

Yes 

P7-6 

AA 

5,7,8, A, B 

FSF 

35 

Yes 

P7-7 

AA 

5,6,8,A,B 

FSF 

70 

Yes 

P7-S 

A A 

5,6,7,A,B 

Sf 

20 

Yes 

P7-9 

G 


MD 

60 

Yes 

P7-10 

G 


MD 

45 

Yes 

* P7-11 

AA 

14 

SF 

30 

Yes 

P7-12 

AA 

13,14,C,D 

SF 

50 

Yes 

P7-13 

O 

12,14,C,D 

FSF 

45 

Yes 

P7-14 

O 

12,13,C,D 

FSF 

50 

Yes 

P7-15 

G 

21 

SF 

45 

Yes 

P7-16 

G 


FSF 

75 

Yes 

P7-17 

G 

23,E 

MD 

90 

Yes 

P7-1S 

G 

19,22 

MD 

90 

Yes 

P7-19 

G 

18,22 

MD 

60 

Yes 

P7-20 

G 


FSF 

60 

Yes 

P7-2 1 

G 

15 

FSF 

75 

Yes 

P7-22 

G 

19 

MD 

90 

Yes 

P7-23 

G 

17 

MD 

90 

Yes 

• P7-24 
P7-25 

AA 

26,30,32J 

SF 

40 

Yes 

O 

28 

FSF 

60 

Yes 

P?~26 

AA 

24,30,32,J 

SF 

40 

Yes 

■' P7-27 

O 

29 

SF 

40 

Yes 

P7-28 

I 

25 

FSF 

60 

Yes 

P7-29 

O 

27 

SF 

40 

Yes 

P7-30 

AA 

24,26,37,J 

SF 

30 

Yes 

P7-31 

G 


MD 

50 

Yes 

P7-32 

aa 

24,2630,J 

FSF 

60 

Yes 

^ CDP7-A 

AA 

5,6,7,8,B 

SF 

40 

Yes 

CDP7-B 

AA 

5,6,7,8,A 

SF 

40 

Yes 

GDP7-C 

AA 

12,13,14,0 

SF 

50 

Yes 

CDP7-D 

A A 

12,13,14,C 

FSF 

50 

Yes 

CDF7-E 

G 

17,23 

MD 

60 

Yes 

CDP7-F 

G 


MD 

75 

Yes 

CDP7-G 

O 


MD 

60 

Yes 

CDP7-H 

1 


MD 

70 

Yes 

CDP7-1 

O 


MD 

60 

Yes 

CDP7-J 

Assigned 

AA 

24,26,30,32 

FSF 

45 

Yes 


* - Always assigned, A A = Always assign one from the group of alternates, 
O — Often, I = Infrequently, S = Seldom, G - Graduate level 
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Altetmt es , 

In problems that have a dot in conjunction with A A means that one of the 
problems, cither the p rob tern with a dot or any one of the alternates are 
always assigned. 


Time 

Approximate time in minutes it would take a B/B r student to solve the 
problem. 

Difficulty 

SF - Straight forward reinforcement of principles (plug and chug) 

FSF = Fairly straight forward (requires some manipulation of equations or an 
in terme di a te calcula ti on). 

IC = Intermediate calculation required 

M = More difficult 

OE = Some parts open-ended. 


"Mote the letter problems are found on the CD-ROM. For example A - CDPl-A. 


Summary Table Ch-7 



FSSH 

Enzymes 

Polymerization 

Cell Growth 


2{a),3,4,5A7,S 1 

9,10,11,12,13,14 

16,17,18,19,20, 

21,22,23 

24,25,26,27,28 

Open-ended 

2(a) 

10 


31 

Straight forward 

4,7{aMb),{c> 

11 


24,29,30 

Fairly Straight 
Forward 





More Difficult 





Parameter 

Variation 
































Chapter 7 


EM No solo [ion will be given. 

P7-2 

{<0 Lse the same PQLV MATH program as Example 7-2 with the appropriate 
temperatures. Generate the following graphs: 


SlJ! r; 

j;TV; 







1®:-' 


C ^Jmiile - ■ P T ■■ ISOD^ 



For T = 1500 K, steady-state is not reached, so PSSH is not valid. 


Earjrab]* . ? “j--> 530 GK 



For T = 2000 K, steady-state is not reached, so PSSH is not valid 













Burning 


Oj —» 20 ■ 

ki 

O - +■ HjO —» 20H ■ 
ks 

CO ■ +■ OH ' —j-COj + K 

K , 

H ■ * Oj —? OH ■ * O ■ J 


H Cl t- H ■ —* ri 3 + Cl ‘ 
k* 

ft 1 ~ Cl ■ j* HC1 
j-rgj - TCQj = kj (CO}(OH-) 


Burning of Mode: Compound 


Renudacion 


r o- = 0 = 2k, (Oj) - kjfO 1 ) (HjOJ + k* {h-J [O^J 
ihttn 

j 0 o a gMg^±igJi^ 

ki(HsO) 

r OH = 0 = (■O') (H 2 0] - k 3 (CO)(OH)+ (H‘J{Ch) 

ihen 

(OH-) - ^[ Q -ifH;0^k J fH-)(0 2 ) 

" ^kj(CO) ' 

EUbsTmitine for(Q-) 


(OH-j = 




MCO) 


Wr.f_ 4 k i(Q 2 i + 31c4{H-){Oa) 
k 3 {CO) 

‘ r co = rcoj - <j (OO)foH-] 


■rco.*4k l {Qi)+ 3k,, (H-JtOz) 

r H . - fcj fCO}(OH-|- k, (H-)lOtz) - k s {HC1 )(h-J- k 6 (Cl}(H-) 
r c: . = 0 = k s (HCl)(Hj- k* (H-) (o ) 


7-c, 













P7-3 (coin'd) 


r "' = 4kl {0 2 }, 3k.(H-JtQ ! )- fc, f H -j{0 2 ] - Thwart*) 

| r H- ~ 4ki kj (HCI)] (H‘) | 

r H- - a + b (H-J 

Cpdstaiif VdI^tqp 





ae 




Uitn * che integrating facror 




— & m h - 


C H— -^ + K, c bt 

Cy. = 0 thersfort K[ = ^ 
b 

c h- - ^ [e fa t - i] 

M02}>fc j( Ha) , then Vis positive 



7- 7 





















P7-3 (coni’d) 


- "CO = -[4k, (Oj) - 3fc4 (H-}(0,)] 


= ■ a - p{Ch.) ■ 

= - a -piA e t.!- u 

Lb J 

1 - 0 Ccd “ Ccc.fl 


Cco = Cco^ - it - p e hl + pr 


P = ^M) 

a = 4^{0 3 ) 



EM 


CHfHO- 


Thc rsaction sequence is: 


CH, +CH^CHO—^ CH } +CO+ CM, 
CHO ■ +CH,CHO—^> CH Z +2 CO + i/ 3 
2GEV-S^qflr 


7-7 


r l = ki C A c 

f 2 - ki C A c QrHr 
CcHCk C A c 

r 4 - ^ c£ Hr 











































P7-4 (cont'd) 

r A c - r» + r 2 + n = k, C AC + k* C A c CcMj- + kj C A c Ccho- 
“ *“AC fk [ •*- ki Cc,H s . + k j C (~KO-J 
Active intermediates: CHj ^ CHo . 

-rCH-p = "f i -+- t2 ■ t*2 * rs + J-r — 0 

= -k,C AC + A,C, f C CHy - ^C^.C, c - ^C, c C Wj . . 

= -* t C' AC + k,C^C Cfft , - fhC CMa C AC + -~k 4 C 2 CHj . 

■rcuo- - -r, + rj = -k, C AC + k 3 C CH 0- C AC = f> 

™ - CcHO - pL 

Substituting {3) i n (2) gives: 


Ml: 


m 

m 


Hf 

, m- 


2 1 = ki Cac + kj Ccho. Cac = k, C AC + k, Cac - 2* C A c 
0r °CH,. - 2fC A d I/2 (^-p 


T *c — 


r 

i+ 


W ^f/< C d‘ + f 


at. 


* kh >rpc>> > OT Cac > > I . f*e<C*|iW „ ia s!KK d by equation t7-2). 


t 7 S? 


(t 

^ + tj 


1 


CD 


( 2 ) 


(3) 


Mp if 










Gas phase reaction 


EH 


2N0 + Q J — t ^2N0 1 


with third order kinetics and an apparent negative activation energy. Consider the 
following mechanism, in which NO^ is an active- intermediate. 


NO + ij = MMJfO,] - k*[NOi 1 

i*-i. 

NO, + NO~^ZN0 2 r 2 = 

~~ r h'Q " — *2 

= -fc, [A'lOjO,] -t-*..[jTO s ]- 




Ur 0H *[*aai 

1 jj k^+ktiNO] 


*-i + ^[W] 

» y/vo] 

*-L 


For the overall activation energy to be negative, 

-{e^e 2 ) + e_,=e ov «} 

=? £._! <(£^ + £ 3 ) 


As long as all energies are positive values. 


' 7 -10 










E2i3 Gas phase reaction 


2NO + Oj -+ 2NOj, 

™«Sy- Consider the following 
fci 

m + Oi H no^ 

—* 

Jc.i 


n = k t [NOlfOj] ’ k.] NCb 


k 2 

NQj + NO -+ 2NO^ 


r2 = ki[N0][N0 3 ] 


W> - -r,.,, - -ki [NOJfOJ + fc., [NQj]. fe 2 [Nojfwpji 

2 0 ' T ‘- r ’“ k 'l N 0]W-k-.[N0 3 ]-k J [No][NO J ] 

or [NO;] = - k| [NO) fOji 

kT+ ^ [NOl * ’ rw = ' k * LNOJ[OJ +{fc , - *, [Mnn k[ .’NQl/Qj' 

' k-i+fcalNO] 

■» - ^Jglia^LJacNggi^Ki ,, ti r K0 | fo ,,. t , t , fm y 

- fci ■#- k 2 fNOj " ‘— - - 

n.n„ - : 2k i k : rrvoi 2 fo,) 

^Tb[fJoT" ^ h k.]»k 2 [N 0 j, nvo = 

k E[ 

Ift,CleXP ^) 1711:11 f0r thc ovwail ^"varior energy to be ne£suive , 

hfkk] _ -Ei+E,-E., r 
1 k.i J r T = e w<° ° r E, +E 2 >e., 


Given 


eccoirposirion of O 3 in an inert 


! kfO?p[Ml 1 




Mkk'fOjj 

Snf ° 3 iDPC ” dMOrTUnator ' ariivc secies suggested is 0 
■Vpiytng nric 3 of table 7-1 to 0, and Oj: 

O 3 + O -*■ 20i 
Oj + O —iOs 

7 - // 












P7-6 (corn’d) 

O 3 and M appear in the numerator. Applying rule 1 of Table 7-1 to O 3 : C> 3 -> O 2 + O 
If the second and third equations are combined, and M is added to each side of the 
equation: 

M + 03 ^C> 2 h -0 +M 

*2 

o 3 + o—^->2 0 2 


A mechanism is proposed which satisfies all the rules of thumb: 


'c, = -r, + r, - r, = -^[0,]+^[O.JO JM]-^[O ][0 3 ] = 0 
r Q . = r, - r 2 -r 3 =k { [Af][tf 3 ]- £ 2 [0 2 ]/9 \M ]- L ,[0 J0 3 ]= 0 


[o] = 








rfV = -ki k 2 [Ml 2 m foj + ki k 2 [M] 2 [ 03 ] CO A - 2k, k 3 [M] [O3? 
05 k 2 [O 2 ] [M] + IC 3 [O 3 ] 


^->SL [M][Oj ] 2 

r 0j = —^--- 

[O 2 ] [M] + [Oj] 


with k = 2k ' k ? and k 1 = 

k 2 k 2 


P7-7 


ko 

(1) I 2 -* 21* 

ki 

(2) !• + RH —» R-+ HI 


INITIATION 


(3) R* + O, ^ RO.. 

kp. 

(4) RO,* + RH -=• ROOH + R* 


PROPAGATION 


(5) RO,* RO.. 


k, 

-► INACTIVE PRODUCTS 



TERM. 


A 


\ LOW TEMPERATURES 
? NO ANTIOXIDANTS 


J 


kt, 

( 6 ) ROOH RO* + -OH 

kp. 

(7) RO* + RH —* ROH-t-R* 


INITIATION 

PROPOGATTON 


kp, 

( 8 ) *OH + RH —► HOH + R* 


HIGHER TEMPERATURES 
NO ANTIOXIDANTS 




7 



P7-7 (corn’d) 

LOW TEMPERATURES - NO ANTIOXIDANT 
cfl-J r , 

"*■ 15 * = ztofraJ-ki£l-J[RMT 

<RH] 

= kp,[RQ3*][RHj 

JROi-] , r 

“dT^ = - ^[ROrlfRH] - k t [ROj*? 

efa -1 

“dT = ^ ' ^P: [R*] [Ozl + fc^tROi-J[RHJ 

dftADJCALS] _ 

PS3A.... ' * " 0 


<a> «o ti = o n-j = 

1 ■ ICifRH] 


. I 


dR.] ~~7^ 

dt " 0 “ *i L rh K j 'J - fcpi [R-J[OJ + k P .[ROv;[RH] 

T 



Still need [O cl ini na« [ R Q r ] 
dT’ ” 0 = k( i R*] [Ot] - kf>, [ROi*‘ [RHl - L, ["RO>*i~ 

tfM ft 

Sttbjtitutc for[R>] ; 


(A) 

©) 

(Q 

(P> 


te «xp, tssiOT5 ro, i!ie radicifc i™ ffiffl ,* ccp^. for lht tf 


4RH! 


di 


- - -fc, 


dRu\r^-^r^r\ ^ 


2k 0 [l a ] ] 

ki. 

i 

fl*] 


* 2^.“^ 


f2 


k[ 


[Ii] ]/2 [rh; 




7 -13 





























P7-7 (corn’d) 

~ & [RH)[I'] - kp, . Rd[OiJ + fcp : i_ROi*}[ftHl (same) 


4a-; 

dt 


= k A i [AH][RO,-] - k A i[A*;[RCh-] 


—= ■ ki [I*] [RHl - kpjROv] ;RH] 
Apply PSSH: 

sa.o 

di 

<tM_ n 



dt 


4R-; 

di 


[a-] = 


,.AHj 


r R .l = 2k4h1 + MftO?‘][RH; 
k P| [CH] 


—= 0 2k 0 [h] ■ k- [ROr f-' 3 k At [AH] [ROr}) 

" k r [ROi*j-- 2.k A l [AHjTRCta*] “h 2k$ [J 2 ] = 0 
k[[RQ^-p+ (2k a] [AHMRCh-] - 2ko[la| = 0 Quadradoc in [RtV; 


[RCh' h = - (AH] ± V(3fc A , [AHi) 1 + 8k, k 0 [frj 
* 2k[ 


[ROj-j MUST be positive 


Now (FINALLY!). let's substitute into 


t fRH] 


dt 


- - fci [!•] [RH] - kpj/RO:*] [RH] 



4M - -Zkotbl-kp, [RH] - ZfcAl [AH! >■ VST fAH? 7 A, k [1,] 


2k, 


7-/4 



























P7-7 (cant'd) 

ODE to be salved- Low Temperatures, no antioxidant: 


JRH] 

dt 


= 2Eq ihl t 




HIGH TEMPERATURE. NO ANTIOXIDANT 


(fRH: 


<k = ^n*J'(tp v i' R Q 3 *J{RH]-k Pj [RO*][RH]-kp l [OH-][RH] 

P$3A 


m 

dt 

i*th 


2ko{Ijj - k : fRH]£l-] = o 


■M - =Mh± 
' kdfRHj 


~ ~ [Qd [R’l - kpLiRO;-] [RH1 - k^RCMp 
dfRO _ 

& - K [I-j [RHi - [R*j[O tJ - k F . fROi-][RH] +■ k Pj [RO*[ [RH] *k Pj [OH*; [RH] 

- ki, [ROOH’ - kp, [RO*; [RHJ 

<°k*: , . 

= kjj[ROOHj - k-p^^OH*" ;RH] 

USE PSSA: =, 0 

dt 


m,o 


dt 


[RO : = fc >ii RO 0Hl 


kp,[RHj 


^ = 0 ^ [R.J = ^ri'i [R HUk P; fRO-.>[RH; + kp. [RO] r RH! + k Pl [OH-URH1 

k Pj (0^ ~ 


dt 


= 0 


[OH-1 iz M r OOH1 


kp, [RH] 


<t\m ? 


a = 0 =*„ I* l - K, lm - Kino -f 

Substitute for [Ft]: 

0 = 2* 0 f h ] + ** [OH-\RH] + k pj [OH I/W]- k t [RO f 

^ ow substitute for [RO] and [OH J: 

0 *= 2 *o[4> k if [ROOH] + [ROOH] - k ,[m J 

[Rn .y ^jk { ]+2k 


■2k, \ROOH] 























P 7-7 (cont'fl) 

Now back to ihe equation: 


dt 


« . . a. t ,j. k „ [R h] [a- M " ^ [**M] ia . k . [RQOH ; . k . [R0QH] 


or ... . 


- -2kp [l ; j ■ 2 t . [ROOHj ■ ; R H] [ 2k °»^ *> ' R00Hi 

cf ROOHl 


i f2 


Now let's look at 


o: 


rf'RQQHj 

dt 


= k Pi rRO : -;sRH] - kjRGQH] 


<ROOH [ = 2k;'i^QOHj ; L -_ k ^r RQOH - 


Remember, we aSE.o have: 




dt 


KQ [Ij] 


w[/J=[/ 3 ^ 

Now, let's look ai [he situation with anti-oxidants present: 

LOW TEMPERATURES WITH ANTI OXIDANTS 
Addidnn^l reactions: 

Km 

(9) ROr + AH ^ ROOH +■ A* 

^A2 

(10) A-+ RO 2 - inactive products 
Equations: 

dt 

= t„ L» Io,]- k„ l*0 2 F -** [*»! M- [<* -I«o, i 


7- /C 














antioxidants 


P7-7 (cont’d) 

high temperatures WITH 




d[RO-l _ 


L ‘r.j = "M!?! 


ki[RHj 


dc ’ ^ 0 “ k; T [ROOHj - Sc Pi [RO?fRHj 


fRO -1 = I ^OOHl 


Rpj [RHj 


dfOH*l „ I--- 

^r - 0 - fe«[ROOHl- k*[RHtfOH-J i'OH-1 - MRQOHI 

1 ' kp s [RH] 


~ = '^L^fO^+kp.rRO^^RH^ k P jRO-i[RHUk Ps [OH*j[RH! 

dfR0 2 -J 

* = kpU02?[R ’ ] ' kP)[R ° r - RH ? • -Icm [ROrjfAHj ■ k A 2 [R03-;CA-) 


dfA.j 

~ ~ kAl [ R0 H ■ *Al[ROi-]tA-] 


Apply PSSA: 


d[R- 

dt 


0 


f-—' 


[ R *J = ^^?" k P'iRO: > )[RHl^k P ,fR 0.1fR H u^ :n».ir PUl 

_ Mo3 ‘ “- - 


lA*] 


di 


0 


, r A«l = M lAH:[ROr 1 _ [k A | [AH) TT 

*«[RQrJ = ngp = [A *J 


r 


Now iubstiE ““ into M expression: 

2 *o [Jj] + kp t iRO-][RH] + kp, [OH*] [R Hj - k x [RO**P - 2|k A , [ROrffAH]) = 0 

^[y + 2(k, 3 (R00Hjj*k [ [RO 2 ^2(k AU -RO 2 .l[AH]) = 0 

ktlRCb-F -i- 3k A i [ROyJfAH]] - C2fkoff 2 ] + [ROOHl)] = 0 

= - kA1 {AH - V ^ ' iAHjA 8WknfhUk n [RQ0H^ 0 

2k[ - 


7-/7 


































P7-7 (cont’d) 


[R02-1 =• ' 2k *' .AH)*Vd(k A i -AH]p - RkJkp r!- >! - kijRQOH^ = 0 

2k. 


Now tin ally, 

4m l f , r , ! 

dt ' - ^[I'] * kp.[RQ;*;!RH] ■ kp, [ROj [RHj * kj> ( [OH*]?RH] 

2 k. i rJtor>H] - > H ! + ^a; >H)P * SklMM + fcjROOHf i 

L 2 k( j 

= - ^au'AH; [RO r ] = . v. L : m!i - 2 ^! >HU V^k AL i AHjV 3 - Skfkp [lz 3 + ki, [RQOHTjj 

'L 2k, j 

tfROOHr 

dt ’ = kp ^ R0 ^ RH 1 - ki,[ROOHi - k A[ [ROj-][AH] 

(tfROOHl 

dt ” *k,,:ROOK] + (kp,iRH;-'RH)-k A) tAHjj l [RO;*j 

Ftnailv: 


= - k ; , fROOH! + |k Pl [RH( + k Al [AH)) ' :kA1 ^ AH? frHll? 1 gfcfko lh] + fcf, [ROOM! 

_ ' 2k, 


7 -/* 









































Given: Illness mechanism 


*1 


h~m 

r ! = k[ [KJ 

(Healthy person gets ill} 



i + h -+ 2i 


(healthy person connects 

kj 


disease from ill person) 


r i ~ kj [Ij 

(!ll person gets well) 

JC4 



I —+ D 

n = MU 

(III person dies} 

r O — krl (i] 




Applying pteudo atcly r«„ k yp0[ h« is ip I: r , . r , + r; - „. rj . „ 

" k| M * MH!(C • kj [I] -1, ft] - 0 „ r [■]_ t,mi 


(kj ■*■ k d 


■ ^2 lHJ 


*a H J - the death rate becomes infinite. 

1:1£ ^gntning to calculate r H . 

r ‘ ’ ^ = ' k ' [H1 ' l:fHK ' I + klW ■ 
fn= .— —1 ^4 [HI 

fkj + k* ■ k 2 [HJJ ~ ■ r D < 0 

^popnWa, as a whole, -illn^taTa" S ^!l ■ ■ ^ ^ PTO bectt0e * ilL F <* 


« Starling with tbo d«£n aquation for a ban* reactor 


/> = iC 



integrating 





ZL9 


cont’d 



from these: k il( = 2.S*10 1.1697 

k* = S.26*10 J C Jt = 1.18B3 

The activation energy then is: 

( C -15^ 
y on—£-— = 7.14kt + C 


b) 


In! .933-e , ^ 

V C p 

E= . R Jn{k , /k [ ) = 10S i 2a Bt^ 

l/Tj - l/X mol 

l , = Jt^ao^f — I l = i.8*io" 
w ** \ 2.3/ft. 497 5C4 )) 


Using interpolation, C = LI8086 

Using the same equation used on tbe graphs we can solve for t when C p =1.1 
t = 49 hays. 


7 - 





















































P7-9 eoafd 

c) 


C “ 1.2 U 
t = 2 days 


= 10 A 



= .0023 


d) No solution will be given. 


P740 


Michaelis-Mencon Kinetics: 

VC* 


-t -■ 


™ s 


+ Cg 

K = 6.2 x HT* mjymi =6.2% 


V ^-16 


ffliol 

ml ■ min 


E = 40 


mg 


Mole Balance: 


jgi-. v ^a» 

dl K. +C S * 

Where C Si is the percent or fish oil. 
For moat oils: 


^1^ =0S6 

1.4 


C T = 


density 0.9 
MW _ 300 


C s = C r C s , 


= 3x10 mol/mJ = 3xlO^oI/ml 


f 5.6 X10’ 5 



1 = 5 6x^lO -J !^ min = 7106 min= 118.4 hrs 


* 7 - *! 













F 7 n 


Given: The enzyme catalyzed reaction of the decomposition of hydrogen pcrojride, For a K^n-fa 
reactor: 


L^l = = 


v dt 


-dl 


r 3 = 


K m *C s 


at i = 0 . Cs - 


Rearranging and integrating: 




di - K m ]n-^*-Cs'C s „ 

S-C3 




or i- !n ^£!L 55 * -~ 

* Cs K ffl t K m 

A pJotof -L In vs should be linear with slope ■ 

c '“S t K™ 


t 


c So 

Cs 

1 in £& 
t Cs 

Cso - Gs 

Csq - Cs 

i 

0 

. 

.0200 

1.0 

- 

.0000 

. 

10 

.01775 

1.1268 

.01193 

.00225 

.000225 

20 

-0158 

1.2654 

.01179 

.0042 

.00021 

50 

.0106 

1.8867 

.01270 

.0094 

.000188 

100 

.0050 

4.0000 

.01386 

,0150 

.00015 


1 Q 




7-;? a 



















P7-11 (contM) 


From the graph. slope =- OH-.01? J min-' I 

(17,5 - 20.6) x 10 1 [g mol 1 minJ 

= ■ *_L_l , J_ 

- 3.1 x 10' 5 Is m °'J k m 


K 


■it, ~ -0310 g mot /1 


Ajlln^a, _ illL c so-Q ; 1.75 X 10■* „ mn i 

L C S ™- 1 " J ' 


nun 


1-tnin 




= Iln%H + _ 01 , 

' Cs K* ( ’ 013 min 


1.75 x ]Q“ ? mol/t-min 


-03 fO 


K* 


- {.on + 5-64 X 10 - 1 ] min -i = .OLS<55 min 


; mol/1 


^Ttm -(.01365 x min b| }(- 03IG i- mo ^ | = s ?a p -a £ m ^J 

1 ' l-min 

w a [EJ. If the enzyme concentration is increased by * factor of three. then 
t = 3U.7S * 10“ -p^L k 1734 * J (T 




*- In -H- + C, - C J(J = - j 7-34 * 10 “ _£!»1 

* £*min 


*20 min .= -34.7 * ] o“ 


™ S equation should bo solved by trial and error. Rearranging. 


In-Si. s Qt) - & . ,0347 
G so k 


'* ° S * C S oexp : £^^^47| = m R gi47 - C,| 

** J t .0310 J 

Assume a Q t calculate a new one from the RHS of the above tqua:il 


A-sstime C s ,v ew Cs 
^OlT qW7t~~ 


ran. 
% difference 


0.0077 

0,0097 

0.009] 

0.0093 

0.009^ 


0.0097 

0.0091 

0.0093 

0.0092 

0.0092 


94. a 
20.6 
6,6 
2.2 
1-1 
0 


c 5 = 0.0092 

7 - ZJ 
























P7-12 


E + S <=»E ■ S 
k ; 

E +1« E * I 

k, 

£*S ->E + P 


Assuming (I) and (2) to be equilibrium steps: 

jt - rg] [si 
m [E ■ S] 

' [E-IJ 

Rare of production formation: r p = Is, [E * SJ 
Combining (4) and f6)- r„ s 

km 

Total enzyme balance: [Eq] = [E] + [E * S] + {E - f] 
From (4), (5), and (8): [EoJ = [EJ 

km kj 


[E]~ 


m 


i#.ra 

k m k; 


Equations (7) and (IQ) can be combined to give: 
k,[Epl[5] 


r P = 


k m+ [sj + W[] 


Ect ~ kj [EqJ r_ s 


(b) Uncompetitive Inhibition 

k|Ki 

H + SoE-S 


V^JS] 


[SJ + k„ 


,+ |] 


(0 

( 2 ) Compedtive Inhibition 

(3) 

(4) 

(5) 

( 6 ) 

O) 

m 

(9) 

( 10 ) 

( 11 ) 


(1) 


7- -2 ¥ 












P7-I2 (coni’d) 


I + E-S«r-H*S 




E * S -» E + P 

Assuming (1) and [2} to be equilibrium steps: 

t_ _ mi) 

~ i^si 

t _ tD [E * S] 

* ’ [I * E * SJ 

f p = k,[E*S] 

Flora (4) and (6): r p r= £-[E][S] 

Total enzyme balance: [Eq] - [E] + * S] +{[*E* S] 

Flora (4). [5), md fgj : [Eg] = [gj + ESI®! + QMM 

km km 

[Eo] 


■ ■ [EJ - 


[ + 


IS] [f][S] 


k m k: k m 
Fiotn (7) and,(10) we eei: 

k,[Eo3[S] 


UtL[E,] = V 


(WL 


r ,=’ 


y^[s] 


[s 


pi 


m 

(3) 


(4) 

(5) 

( 6 ) 
C7) 

m 

(9) 

( 10 ) 


UD 

( 12 ) 





7 -is- 











P'7-12 (coni’ d) 

(c) Non-oompcrinvt Inhibition 


/A* 

vx 


+s 

[•E*S 


E*S 

* 

P+E 

all of to <**«*'= tcMtaiJ;*> * ^ ' 1 ‘' 

SSFs- tod a. difteM si»sof d« -toy™. 


f Elf SI ft' £115] 
*" " [E^sj [I-E-S] 

[El [1] _ [E-SUH 
fe “ [E-I] ~ [E*t*Sl 

r p - k,[£-Sl 

k s [E*Sl 
k: — — rr ”' 


( 1 ) 

(if 

(3) 

(4> 


From (1) and 0)- r ? 

Total batoto [Ed - tEI * P - Si f [1 • EWl • E • S] (S) 

( 6 ) 


„ [ E 1 JflEM 

[Eol-tEl + km k, k«.ki 


Fran equations (4) and (6) combined give: 

UEoKSl 


r P = 


rrr^iS3M 

k » + [ s3+_ kr ti 


L«k s tEo] = 


r rt = 




Vm»[S] _ 

(i 


7 - ;?£• 














Given [he rtadrion sequence! 
E + S e= £ ■ $ 


E*S+S=eS.E*S 
E * S *=, E + p 

^ plot of -r, vs c, is shown below. 

^^ptoblanP7.]5^ for the above icictioii is; 

1 v K, C, + Kj C| ' F<XCt<< I; 'r ( -lcQ 5 i n ^ |J ^ agrm ^^ 

^vabetofc,. Ft*Q» !:- ri „JL§L 


b. Km^i 


k 3 q 


This is also tn 


Jgrecrrcnr with the g rap h 



AX- 


L£i_ fcQ ^[K. +2K, o _ kEjj-Ksd) 


3C, l + ^Ci + Ksd (l + K 1 C f + K,csK'(l + K 1 Q + K a CiJ* 


- 0 


* <3 = K~^ h: -- ’ - “ 2k E ' C - K - . 2ScE t (? -K, d)fK 1 + 2K 2 Q. 


5C ‘ (t +■ K, C s + Ki C?) 2 (l+K.ti + KjClP 

► the niirrceraior becomes 


&^^^Et[-3K:C K, + K,CJl . . ., , 

5c? -■-—f—— wit h c? = —L_ 

^ (1 + KiQ^^qP VE7 

^ _ [ 1 T " j-j?—j < ^ f ' r :J tbroucb a maximum. 

Tliiioh - YK 2 J 

scrvatiofi also agrees with The above graph 

7~Z 7 


IX 




























































P7-13 (corn’d) 

fb) Fora CSTR operating with V = 10001; 'Jo = 3.2 1/min 
^[Cao -CJ = -r A V or -r A = t = ^ ^ - 513 min. 

with Cad = SO m molest . r A = this fllncnrt equation is plotted on the accompanying 

graph, [he equation intersects the (-ft} vs C s curve from the rate of reaction at 

G - 34 HUBl<S , -r, = 0.052 numlSl; C, = 9-4 mrn ^ . 

* 1 T rttifl - l 1 

. = n 132 mmoles ■ r - 2,1 I PfflflfcS- , -r, = 0.154DUDSlifil, 

1 ntin-i 1 1 nun-l 

Stability of points: assume that a perturbation 0 S = Qo - Cs occurs where the overbtx designates 
the steady-state condition, Material balance far any dme: 


v^i = r s V + C 3 0XJ O -C $ vo 
or ~ = rsT + Cso - Cs 


Combining 


at 


at steady staie 

0 “ fs t + Csq + Cs 
Usinz a Taylor series expansion about Cs £0 linearize rs - ■ 

r s - fj = I ^_lL| (C s - C s ) = I —M and substituting 

WCJcs WCsfe 

r N , - 

[\*Csk s 


v^- = 

dc 


0s -f-fiso at t = 0,9s = O 


i 


For this solution of the above equation to be s tabic: 

'5 rg \ 1 5 r s i 

-1 r ■ ] <0 or - 

^C s /c 3 \3C 5 jc s 


-I t < 1 or iCHj x >.] 

JC S wCife 


7 ~%? 


















P7-13 {corn'd} 


Therefore, this operaring poinr ifstabJ^For iheorher twoMinK^hrsiab^ ™ C CU £^ is P° sitiv,: - 
by estimating the derivative gnipmcaily: L ' e mqy be exaimi^ed 


ArCs = 9,4 m moles/1 


3 Cs /c s 


L 


9A 


iC 3 


Q-i^s - aim _ {mo . . 


(^V =(- a ^ 21 mm-<](3l3^i n ) = -2.4 <■] 

'* * e P oiflt C s = 9.4 , -rs = 0.132 is unstable. 

At Cs - 2.1 mmoles/l 


f 


.(*M .O.OCTj.Qnn _ oo„, 

\ 9 Cs Iq s = 2.1 ACs 24 ■ 44 20 


r a{. rs y 

t min' 1 1(313 min) * - 0.775 > -1 ; stable 


At Cj - i.i m moles, 1 1. »r<: s= 0 154 m motes ,, . 

Ki i " ' 1 ■ fnin ppeafSm « "able, but mowaccurate calculation 


-O- 


ZLm 


necessary to establish this corsetusion de fin [lively. 
Data on Baker's Yeast ar 23,4 ®C 


Po. 


5T 

0.5 

1.0 

1.3 

2.3 
3.5 
3.0 


*CTs 


Qoj 

no 

sulfeniia^tfc 


0.0 

23.5 
33.0 

37.5 
42.0 
43.0 
43.0 

V 

= 'nit 


03: 

20 in g 

sulfajiilzm-tTg/mJ 
^idticd id rr P cdzuni 


Qot 

no 

SuEfani pjmEdc 


Po* 


0.0 

17.4 

25.6 
30. a 

36.4 

39.6 
40.0 


Qo, 

20 mg 

suifanilamidetej 

added ks meditifn 


.0425 

.0303 

■02666 

■023K 

.0233 

.0233 


2.0 

1.0 

.66 

.40 

.235 

.200 


.0575 

.0391 

.03246 

.02747 

•0253 

.0250 


dT ■ * h " in “» ***». Qc, - 0 «y.„ uptake „ micro! i,„ of 


-Per beujpcr mg of cells-r,,, and O; is the substrate. 


7 - 0.9 














P7-14 (conf d) 


i- = ■ ^7 1_ * _J_K» in . _I 1 

rp u 

Pl0t ° f QOi venus Wl]t have a slope of and an jr, firCC p t of ^ 


nm m 

(ciso*co» 



From the graph, slope - - A l l = .0165 Intercept = 0.019 

■■■ = 52.63 

hr mg cdEs 

Km = 0.0165 Virus - (0.0165)(52.63) = 0.2684 mmH S 


(b) Now, with com peri rive inhibition: £ + S E * S 


[ + E & E » E 


Rate law becomes: 


■» 

r ? 


E'SoP + E 



In this case, the slope is: 



while the intercept is the same as in case (aj 


7-Jo 











P7’!4 (coat’d) 

Par the case of uncompetitive inhibition; g + 5 = E . s 

E*S+[o1"E*S 
E ■ S » P + E 


U- 


Rate taw becomes: r p - 


S V rt 


K ra+ s(!^Xj 


or -i- = J£™J±] +_Kf 

r > v m „bJ v n 


i+J- 


1 + 7^ 


In this case, the slope is the same, but the intercept is _ !£l 

^ n 


And for the case of non-competitive inhibition,; E + I E * I 

E * 1 + S of* E* S 
H + S & E * S 
l *E *$ »E*S + l 
£ * & « P + E 

V t 1 + rt" ] + -I— 

r„ =- v -” S OT 1 = _ Kl + K t m 

{S + lUjl+J-j r P V mK + Vam -\V 

^ Ihis case both the dope and intercept change. Ptonine teantf^- i, .^.u, 

^ ° n T-T* P ' 0t “ WK Pb,, “ 1 ,ht da,a for "* <« »iJ>« s-rtWa™^ i, is 

1, i- " **"* ** is ,h ' ««* W* d» inhibit j. 


seen i 

comparative. 

£Zdi 

f a ) No solution will be given, 

0» 

yj = (i-p)p J ~‘ w j “ j(i - p}V -1 

7 — For X = 5: p = O.SO 

1- p r 

X B = 10 : psQ.90 
X n = 20 ; p = 0.95 








7 -J 7 








FMS (cont’d) 























P7-15 (corn'd) 


Use these equations to generate graphs of y 1 and vs. j. 



100 


7-S3 

























F7-L5 (cont’d) 


(e) Mole fraction of poly styrene of cliain length 10 (y [0 ). 
U - I^expf-k^) 



p = 8 =---^- F-- — 

y,“(i-p)p D_l n = 10 

Use the above equations to plot y a vs.t:: 


1 * 7-16 



o 


2 5 4 5 

i {hr) 


Reaction 


(a) and (b) 



Z r J ~ r > -*r.) + fc + ^KI% Mii J + W +M»j + M*;) 

l*Z^=** 

Z = 'i + #* i k * M + M + V ) 


7 'J>7 
















P7-16 (coni' d) 

-r+R'(k n M+k,S+kj) 


* v = 


k p MR‘ 


- r b 








W) 


(=) 


»■ , *„ A'5 Ar7 

_I_|_! 1 L ■ _|_ rc 

k f k f M k m M 



( KK V 


t- 

- 

> ; 


i ^ 

rl 

M 


k_ 


KS kj 


k p M 


k f M 


(c) From the above derivation we know that 


X„ 


r , 

r. k 


k,5 kj 


k p M k p M 


V N *p '"p 

Neglecting the solvent term and rearranging yields: 


k „ k pM 


^ C r M ) . k m . 


X " " r M k P k p M (-r M ) 
Substituting in for -r H and r and simplifying: 


k p M 


_1 _ 2k D f(l,)/M(-r M ) | kj 

X > ^(2k„f(l J )/k [ ) k p k p M 

J .. fc.K) . k „ , M 

X^k;(M} k p k p M 

To determine rate law parameters experimemaiiy from a CSTR both the fmal X s 
value and the Final concentrations of M and I must be recorded. These data can be 
used in the above equation to find values for the parameters. 

An increase in temperature would cause an increase in all three primary steps of 
free-radical polymerization (initiation, propagation, and termination). By looking at 
the overall rate taw; 

’Ik. 

it can be seem that the greatest effect of temperature wouJd be on propagation. 
Overall, there would be an increase in monomer disappearance and an increase in 
polymerization. 


7 -Si" 



























LEDFiwnir -cicncinLi-rllon, 


FFR: 


P7-17 


»> 


dM _ 



dr _Im 


dT 

r M = -k M 

f2k Lf 

1— 2 - J - 

r r = 

M p i 

J k, 



= r 


Plug those into POLYMATH to get this graph. 


EqfuaLicns : 
dimi /dlzauS=rm 
dl U/d[“an)=ri 

kp=10 

ko=l*"3 

C=-S 

kt=5&7 

rU-ko*i 

sqrt (2 *ko' i ■ f ■■'kt ) 


tftU n 






7 .av — 




I^iL^ial value 

S 

0 .01 


D.CDT ; .400 



rn.iE.Lkl value 

HJUCLMu#- r ^iL kw 

M-.r ■.■=■-«■ vaIim 

Pirul ■/-J.-ue 

Un 

0 


3 

T9*9S 

■ 

J 

J 

S-J7221 

2.*~ 3=3 

l 

n. ni 
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-: 





L \ t . 


+ .*TJr 
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CSTR: 




^ " r i a * T 


The rate Saws are the same so again using POLYMATH the following graphs are 
generated. 


1 *r; 

!.l 1 

JTj 

£l 

a.+ ■ 

3 1 - 
3.7 ■ 

2 l n 

Z -- 


Monomer vs ilmc CSTR 


1 5 nco: JODK'D 

Tin 1 j± 


I un« JfcWPP 


Initiator DOmrenlratJijn vs Spjco Time CSTR 


0 01 < 

o.ggp 

0 GGt n 

o.u&fr I 

O.DOfi , 
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o.go* ; 
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ocg? i 
s.»i ! 
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'Cv-H iGGnOfl so oun zncoan jiripaa 
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Ip i t i a 1 va 1 uc 

2.5 
0-001 

C»=3 

»u-5eU 

i& E r 01 

fcp E LQ 

Stt*Le-3 

£p.S 

S£t«$e7 

ri*-ko*i 

m^-tep^sqrt £2^ko*i'f/kt) 


^-lT cont d 

Equations. 

£ [ni 

f ££}Bi-io-:ri*tau 


b) 


For two CSTRs, the design equations change jusl a bit. 


M—Ms—r * £ 

m 0 ivj i - r Mi 


M,-M, =■ 


2 

■r *1 

* Kf _ _ 


I 




■ T “ r * - 

L ll ~ r 3 ;i , 


^ ^2] ^22 “ * -y 

The rate !aws are the same with the exception that instead of just L or M, l 1L , l 2Ja 
M |n or Mj are used depending on which reactor they came from and the following 
graphs are generated. 


On CSTfl yi Two csins 


U - 




•m- 


Oi*CSlfl « IWCSTHi 


■ 3 .EH * 

i 

g.oh 

0 .PH 

a, i.H>r 

| ‘ T 

■•■; ■' :>;i > 

5 j QQ 1 ■ 

5 I 

6 voni - 

G-.MT 7 ^ 
a.IKi L 1 


ift* 


3 MKrt ■ !H 4 tt i jj 


2 mueif^wL^ b '¥ er CaUSe L 1: to J decre3Se K P idJ y M does not get formed 
much. Increasing k causes M to decrease slightly, but not by that much 

Increasing k T , causes M not to decrease by very much staying very close ,o\ 


No solution 


wiU be given 


r-j-7 











7-19 


1+ M —S'—» 
-r, -k t MI 

a) Balance on I 

T-irI = Jarl 

-r, k L MI 


i + Tk,M 

” r M ~ k,MI + k f M^, Rj 


**2*1-1,-1 

j“l 

-r M = k,MI + k p M(l 0 -I) 

B alance on M: 


- /) = Af 0 - M 


1 + ^Af l + ^Af 


= Af 0 -A/ 


=> tfe f / 0 M+r 5 it^./ 0 M : = (Af„ - Af)(l +■ *,Jlf) 

=* *,(l + <Vo)^Vf : + {l + !*,/„ - i*jAf,)Af - jVf 0 = 0 

_ + J o ~ ) + jO + *Vn ~ *fr r M 6 j 3 ^ 4 * rt, (l + Ty 0 jjf o 

2rif,(l + Tk p I 0 ) 


b) ~r Ri =-k f Ml + k p MR, 
Balance on R, 

0-J2, 


r =5 


__ y ^ _ j 

-kMI + kMH 1 


~ - k p MR t + k ? MR, 
Balance on R, 




r = ■ 


0-ft 


Similarly, 


-k p MR, + kpMRj 


.n.JjyL] 

V + V*J 


R,=R* 


ik^M 

] + ITmt 


n- 3 ? 





















WMo 


F7-I9 contM 




-tkM Y 


1 + Bt^Af 






/ 

V 


A 


l-M* M 


\H 


R - J K^) f Y 
[l + ^AfJ 

T*„M 


* .=■ 


rtyv/ 




1 + ffc.Af £ 


1 + Tk M 

\ p J 


c ) Initiation Rate constant Jq < < L, propagation rate constant 
Hence, nearly no change in the concentration of Initiator (I), 

Mo t 

to 1 

to 0.015 

k P 1000 



<0 


*.- 2 >=w— 

^ J I + ifeAf 


J-L 


4 = = 


y = l 


1 -r tkM k 


-1j 

p >-l 


rt p M V 


1 + k.M 


J 


7 -39 































P 7-19 tout'd 


h, K 


1 + t k.M k. 


Tk f M/( I + rt,Jtf)] 


1- 


zk.M 




j*i o -*/ 

iMf, 


4 = 




(l + k M ) 


L=ffR =_Liv / 


**,M V 

1 4- y 


h k 

j ^ 

( 1 + . ll 


1 l + Tk'M) 

1 + t*.Af Jfe 


! + *,**, 

j 


V - J 0 + Jf ) 

/ = l -( I -*) 3 




A, = {]++ 2 tt m ) 

1 l + T* M ' ' A ' ' 


a, =-^= 6 +*,**) 

■A, 

d= B» _ l + ^M* 

jU, l + *,Af 

































P7-30 


a)With the reaction seJi catalyzed the mole balance and rate Jaw becomes; 

-mm =k[C00Hf 


^ Mowing graph shows ^ 

U3c given values of p and the calculated value as a function of time where 

[ COOH^jCOOHj 
[COOH\ 



it appears to follow this above 500 


min. 


b) 


The new mole balance and rate law is; 

fc k{COQH jpzpp j 

[ OH]=[COOH] 

COOHZCOQ- +H + 


q ' [coon] 


[cocr ]= [h* ] 

[^J = K^[COOff] 

_$C£QH j __ ^ COOH jt2 

Solving for [COOH] as a function of time gives the following graph; 


7 -^J 




























P7-2Qcont f d 


t 

0.8 

0.6 

CL 

0.4 
0.2 
0 

0 500 1000 1500 £000 

time 

It follows the data above 200 min. 

c) This mechanism can be made to fit either rate law, depending on whether HA 
dissociates before or after the first reaction. 


p vs time 



F2-21 No solution will be given 
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P7-22 


r.+ M -^r m 
-j- = k 0 M = (k p M)^ 

* i, 


M** t, 

^0 = k p Mdt 


-__£./ =*/ = #- A - 


dl_ = _k, 

de' k 

I 

dR, 




+ *,M4 


dd k p 0 

i‘i}’ 


dd 


=>R, = 


JP 

*0 / 




- I? 


~lt=~ k ' MR <+ k * MR > 



7-V_? 




















P7 22 



For j>l 






























£-7-23 


/ + Af —*4—> J?, 

r _ W 
VW 

0' = 

M 7 »~ 7 ) 

V 

i. _V. 
r = ^M 

W 

if.-**- 

Vo T+I 

jy_ 

Jr/of+l 

T=—--^' 

^ = yg 
' Mi+ffl 


T 


k p MR t -k p Mfi, 


Wf* 

]+e ' Mi+^M'+O 



w ' 1 

0+g?M'+tJ 


7 - /-? 


















P7-24 


U) 


— M-maa i I 


.£c 


Subsiraie in excess 
(a) Batch reactor 

<*9l = r 

dt 1 


Pmut ~ 0,5 hr 11 
C m = 20^/dm 3 


V - 2djm 2 (constant) 

dCr 


di 






dCr „ 


dt 


~ Jdm Or 


.sdl 


^ = O-Shr-MCc- ^ I 
dt l ZOg/dm 3 J 


plot 


Ccq - S in 0.2 -£— 

2 dm- dm 3 

^ F (Q:o - Cc)+-r E V 


^ - ^{Cco-CcJ + rg 




Cco = 0 (no cell injunction} 
Cc-*-r E = 0 

-DCc + ji C c = 0 


D = ji 

Washout When D > |± or 

D>P^h-g| 

When D = 0 , Cc - Cm 
When Cc = 0 0 = ii™, 


7 -*H 








P7-24 (corn’d) 

A plot o: Cc vs D gives: 


( 2 ) 



UtC = Cc andK^Cm 

¥** lC ( I -£) * Il = 0,C = Q 




—d£_ _ -Ji Al 
C(C ’ K) K “ 


•^c(c-js:) j[ K€ + K(c-K) 

m 't'*C + ±l B ic.x ) $ a(k 

' K to %*£H£HD 

X fgofC-K} t _ -jj. 

K 'C(Co-K)| ” IT 1 

■-. fa go_fC - K| 

cK^<) = 

gofC-K l 
CiCoTKj -<*“ 

C^K. _ C<> - K „ . 

c * ~ qTk -6 


~) c 


7-4-7 









P7-24 (eont'd) 


_C_K_ - i . . . fo 

CK CK lC 0 K 


K 

Co K 




] 1 
K C 


[JL. J_ 
iK c e . 


e -Hi 




20 + 


f J- 1~) 

b.2 20' 


-0-5 i 


-L = 0.05 + 4,95 e 1 

Cc 


P7-25 

Run #1 No Yeast Extract 

#2 Yeast Extract 

The percent volume of the growth product H 2 S collected above the broth 
function of time: 

Cct] + nucrieni more cells +■ produce 
(a and b) 

Cx = Cx(jcM ll O 

o r Qi - Cxo c- ul e ^ ^ 

curve fit exponential curve: 

X - Ac* 

20 -j . .. ■ ‘ - J ■+• 

^ l5 l 

i / 

m 

c * 

3 10 - * 


t ■ ; i i 1 i s ■ i ’ 1 l 

1.00 10 1 1-50 1 a 1 1.00 1 G 1 2.50 

lime (hr) 

' 7 - 


* 




O.OD 1 0 ti S.OD 1 0 C 



was reported as a 












P7-25 (corn'd) 

where A = e ^ ki 



Rvnl (bepwcn 15, 20, 30hi3> 


M«« - 0.3325 hr-i 

A - 7492.6 

1 b| - In _ 

' 7492.6 / “ 


0-21252 


- 6.0 hr 


M Stationary 

‘ i[sti ™^ between 

^ tShcfnmz «£** 

fdi ^“tisanatendof 

^ponentiai ffwboihrunsj 

(e) dCc ^ 

di = DfCoo^CcJ + jiCc 


Rl3I] 2 joints 10, 15, 2Qhrs) 

Hijim - 0.3124 hi" 1 
A * 5571.7 


: iag - 5.1 hr 


25 io J5 

20 hr 


D (Coo^CcJ + iiCc = o 
DCc + nCc = o 

o 

N 

tf 

^ ~ 0 ° r D = M wash 

0UI wears when D > u 

■nritM 

Cell Bailee 


U+b) dCr 

dr " D " Q:!+ r i 

— L5 hr 

^ = 0 Q:* * 0 

- c C0 - 0.5 g/dm 5 

- 50g/dm 5 

0 - ■ DCc ■+ r E 

c So - jD 

Ks = ] g/daP 

C = 0.75 

yc/s = o.os 


7-5“? 





P7-26 (coiit'd) 


0 = - DCc + 


! Usna* C; Cc 


I 

J 


D — / Piam Cg 


Ki-Cj 


'‘S 


D 


].5C S 


i.wcsj^a; 


C s = Cso- y SJX Cel bydefiniri 


rtcn 


ys« 


ysJx fl.oa 


12.5 


Cc = -so ■ Cs _ C £ q 
ys/x 12.5 



Cc = yc/$ (Cm - C 3 ) 


pick Cs, calculate D and Cc 
Cjo = 30-0 gjHnt 5 


D-l - 1 ^ J 

l l - c 4 i+ f!l 


C c = (30.0 - CsHO.OS) 


(e) IN - OUT + GEN = ACC 
“fe* = D [Cc* - Cd + r f r £ - 

^-D(Ct,-C c)+ y s/xrg 


l^max C$ 

Ks+C H'^) 


Cc 


© 

II 

o 

C s0 - 30 

Coo = 0-5 


where 

D = 075 

Kj - 50 

p— J 

II 

hi 

H = 1-5 

yc/s - o.os 

Cs,k “ 30 



7 - s~0 





















P7-26 (cont’d) 


Cc 


Cs 



equations; 


^ ^oo) fd (t> =“d*cc *rg 

u ^ -d«-(cs j n’cs) /ye? 

— 5 £f 

r 9“ 1 , S*CC«CS/ <1 +D£+CS*CS/k i > 

y«s=fl,09 

6sin=3B 

ds.75 

riiiJ* 1 Wi »iuGs: t 0 = B.o, cc a = 0,5000, cso= 30.000 
ft *l value; t f = 20.000 


S' 




► 


B0 


•j - s / 



















IK - OUT + GEN - ACC 


dNr 

di 

dN c 

di 

dNc 

di 


- Fc + r, V 

- Fc + k Cc 

- k N c = F c 


V 


fc 

K 


[e kT -1 


Fc - Cco^u Nc 

Fc = 0,001 gm/dffi 3 'Oo 


N C = U 


1 = 


Ccofra) 

Ccfrohk 


!> * l] 


k = 2.4 hr 


r 3 - kCc 


Nc = Cc V 


Nc - - 7 ^- + Ae tl 


= F c - k N c 
dt ^ 

1 - 0 , Nc s 0, A = ^ 


Q - 77 


NC. 


Vo + VO t 


Nc = Cc fro 0 


Cc Vo £ 

Nc = 0.025 g/dm 3 (2hr) fro) = 0.050 g SuVdm 3 fro) 




_ Cco [<*j - l] 
Cc kt 


0.00 1 gngi/dm 3 fro) |~ ft ici - -1 

0.050 g hr fro) L k J 


P7-38 plot log Cc vs t 



Slope |i 

Inicr^epi 

Time ransie for curve f h 

} 

0.392 IS 

1.172 x 10 7 

4 10 & hr 

5 

0.79507 

1.7953 x I0 b 

5 10 9 hr 

10 

0.7 5 S 62 

1,8949 x 10 6 

4 10 10 hr 

15 

0.79157 

1.4949 x IQ* 5 

6 to 9 hr 

Slopes = ll [hrs ] _1 




X = Xq^^-O 

curve fit x 

= A e * 11 


A = c+v* 

[ fr - > 

Rrl 



7-^~Z 



















P7-28 (corn'd) 


l 

5 

10 

15 


C lG£ l^rl 

2397 

3.23 

3,10 

230 


C s (gA) 

Mi.hr ''I 

L^r] 

i 

.392 

2.4 

5 

.745 

3.2 

10 

.759 

3.1 

15 

.792 

Z-i 


i. 

K£ r + _l 

(i 

C -5 M-rnas 


Curve fit data toLinewcaver-Burte Equation 

ini - 1.139 slope = 1,4019 


FW = 0-B78Ghr 3 
K s - 1.23 gfl 


^cste: curve fits assume con scant nutrient concentration in batch reset nr. 

b> 


1 tCc-Ccofl " 

C„- I 


BfedCt 


dt - 0 stationary phase for n = 1 

[Cc-Ccoi . 


Cj>* - Cc - Cco 


I 

5 

10 

15 

--Mr, 


Cp- [xio T J 

45.73 

165 

256 

306 


Cco at tt^ 
1.172 x !0 7 
1,795 x 10 6 
1-895 x JO 6 
1.4499 x 10 6 


C c x IQ - 7 
46.9 
165 
256 
306 


Predict 
3-5 x 10 5 



i 

M 

0.392 

[j a g 

2.4 

Cp. 

45.7 x ] 0 7 

Cc t = 0 
3 x 10 7 


5 

0.745 

3.2 

165 x lO 7 

2 x ]0 7 


10 

0.759 

j A 

256 x jO 7 

2 x 10 7 


15 

0.792 

23 

306 x 10 T 

1.3 x 10 T 


1.0 


r * - HCeJi 

i Cp* 




JGsfC*,) 


[.0 


yc& - 


•& 

dt 


2.7 x IQ 5 cell/mJ 
rngsuc/L ~~ 


I yw 

HU 


- 3T 3 










P7-28 (coat'd) 


The equa tions: 

d <sc? < t >=rg 
mu-S.??E 
co=i.33e 7 
esur=306«7 

n— 1 

irg=Mti*cc*(l- (cc-co)/cstir 1 ) 

Itii till M ■& 1neS I tQZ 2 r y 000 # CC 0= 1.330*107 

Final value: t f = 13.000 








F7-29 


Fit the data lo the equation: 

D = ■ 


Q,u 


K s +C s 


Using POLYMATH, find ihe values for (i M and They are 1-98 and 0.97 respectively. 


1 


i 

-lift 


7 '^ 




.. 












F7- 29cflntM 





*y ■ 1.59!□* 

** - C,^?;z2< 

2 GOs iuvp r ^5I sjuJj s. z 


f> * W = lie Sup 3. =q^r^ s 


O.C2^UC^S?5 


^ Using this equation, solve for Y r _; 


; ; SW 

mk 

fp*- 

Hp 1 ' 

'«', V‘ 

fc: 

£Z=30 


C _ y os( C s D + K s ) f MmuC^ _" 

Mum -D tK. + C 


“"So y 


SS*uS 075 inf ° fm " tl0n = °- 099 - ^refore, is equal to tile mv, 


inverse 


ts' 


The only equation not given is for that of the cells: 

dC 


di 


= 'g 


, rg = flC 

we can then plug into POLYMATH and 


coins up with the following graphs. 


7-sir 









F 7-30 (corn'd) 


Equations; 

<3 v P1 / d < C ] = {alp ^mu+bet !■ * x 

d<s) /d(t)-X/ypsMal^*pu*bot>*x 

d(cl/d(L)=- q 

alp=34.5 

yps=-1.33 

aiuQ=. 25 

ks= .Oia 

ksUii.a 

psta=32,4 

kpi=,06 

3<?=50 

x- (ao-sj /ic 

mu=c»uO*(s/{ks+3+6 A 2/ksi)) ■ <1-»/psta}■exp<-kpi*p) 
rg=inu jr c 


Initial value 

0 

SO 

1%-QB 


0, 


500 


■ K» - 

J 


JCC.-WG 


Va r iai; 1 e 

Irai.ti.-aL value 

KaociniLm val'jtf 

HiKlPum value 

F i n,i 1 V4l4fl 

t 

0 

500 

0 

Spti 

P 

0 

5.4*72Ie-3S 

0 

5.4 67 llf-23 


50 

5D 

5$ 

50 

£ 

le-Oi 

231.597 

le-06 

231.537 

■alp 

' 34 .5 

in 

p"! 

34 .S 

34.5 

bet 

-G.147 

-0.147 

“0,147 

-4.147 

YP* 

1.33 

1.33 

1.33 

1.33 


0.25 

0.25 

0.25 

P.25 

ks 

O-OiG 

O.OlO 

0.0 la 

0.P1E 

ksi 


11.0 

11. B 

11. S 


32-4 

32 .4 

32. J 

32.4 

kpi 

0,06 

Q.06 

0.06 

0.06 

sg 

50 

50 

SO 

50 

k 

0 

0 

0 

0 

mu 

0.0477313 

0.0477313 

0,0477313 

0.047jJU 

-S 

4.77313*-10 

11.0544 

4-773134-10 

11,0541 


30QMM 




^'31 No solution will be given 
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P7 32 


Mole balances in a CSTR 


OCjjj DCj + r 5 — 0 

-DC,-S-« 


'S(J 


-Cs = i 

D 


the rate law as given is: 


C — -t 
F D 


r P = ~*s 


k s +c s [ c;J 

S&ZLt P0LYMATH ““ usi ”S "to »f D »d C„ come „p 


Using a volume of 200 dim' and a cdj 
of tlte L-maisc acid. 

*<=■) "Ct-csa^p/D 
*[*P>«ep-rp/ D 

ec«50 

'*«£fc?76 

Dig 

tPBtat *!,53 

np-v^*^/ rka.es, * I i_ cp/ep4tar , * Cc 


concentration of 50 f get the best production 


". : i-JU-H 1 ‘J £ 


S 01 uI S 


Usr- L ab] p 

k- a L UP 

f O 

cs 

0- 35: 6!j7 

3. 222e- 

CP 

l .£4G3*t 

-3.2??e 

CSO 

2 


D 

5C 


cc 

5C 


vrnay 

76 


■c nt 

Dx 34 £ 


CPS1 

] ■ 59 


r P 

S3. 4 ] 7 L 



7 - S 7 









C J PP7-A 
Given die reaction 

2GHi -► 2G - CH-2 + Hi 

0 -fOHi - F IQjh. Cgh j 

2) -rcH 3 decreases as Cgh increases 

3 ) Wuh no GH. -rcH 3 a Cch, 

4} With high Qjh and low CqHj . -fGH 3 t* C^j 

^ . r 

A mis lajw suggested from the observations above ss: -rcHi - + ^ 

This equation suggests the overall reaction mechanism seeps- 

GHi + [ 1 "+[ ]■ 

GHi + [ ]* ~+ 

]* 

Therefore, a mechanism based on the information above is proposed: 

GH.riZGH +H* - r, = k,C CIIj - k A C c „ C„, 

H * +GH 2 —Gff + H, - r, = 


■tgHi - ki Cgh 3 - k -t Cch C h * + k 2 C H - Cch 3 


■iVj* =■ 0 - -k^ Ccfii + k -i Can Ch - + kj Ck* Cgh t 


** Gh- = 


ki Gajjj 


k -i Cgh +■ k 2 Cch 3 
-rGHj - k| Cchi + [kz Cgh 3 - k , t CchI 


kt Cghi I 


k -i Cgh + k 2 Cch 3 j 


- 


ki k.i Cgh CqHi + k i k 2 Cqh 7 + kt k 2 Cq Kl - k -i Cgh ki Cq Ha 

k-i CoH + kj Coh 3 

I 2fct k 2 CcHt 

Lk_i Cgh + ki , 


7 













CDP7-B 


Given ihs foils Wring reaction scheme: 

i ■ + ocj ■ ^ or -i- Cl 


for 


= K<- r loci- 

Qih- 


with the following r^iic 

Active intermediates assumed to be HOC] and HOI. 

From iab;c I n ;hfi firs e rate of thumb suggests; 

OH + HOC] ~ OCt' +■ HiO , -r^k.Qw C HOCl -Jc., CocvCh* 

^ -l 

OH' + HOI « OI- + HiO, -rj = k 2 Cow Choi - k . 2 Cor O tW 
* -1 

involving the inversion t£ £ffiSSTbove. 

I' + HOC! -> HOI + Cl -, -rj - k 3 Q- c Ff0C i 
This step makes die overall reaction sequence I - + OCl' —t- 01 ’ + Q ■ possibie- 

'JrT’l' -V.- C W -I,CX„-0 

i r hoc x l c „-C„,-t_ 1 C a .C„ /) =-r lx 

■moa = -r, - t 3 = k, Coh- Choci - k. t Cqo- C h ,o + k 3 C r C HO ci = 0 
or [kj Coh- +k 3 Q-] C HOa = k A CocrC Hl o ; i.e..C HOC , - 

ki Coh- + k 3 Q- 

Then: -r 0 T = — 1 ^ Q' Cqci ~ Ch . , 

k, CbH-i-kjC— !SClose ’ w,thkl k * 


-r nt = 


S£s-_„ tere *: = ii 
c »- 


OH "1 

An alternative approach assumes that reaction I quickly attains equilibrium, then; 


“Hoa 


k C C 


LC 

1 


"o?r 


^ en ~ r ci - kiC r C Hoa — 



^A\ c ffa 

i c , c <«- 


*■ J 

C 'C„- 


L I J Off" 

These two approaches are basically equivalent 


7-S'? 













cam; 


The following enzymatic neacnon 
k| 

E + 5 c* E *5 
*2 

E * S **P +E 

(a) Non-in bibi non: 

r T = k F [E*S] 

iE.5 = MEKS]-k2[E-S]-k F [E*S3 


r^, s ^ 0 by the pseudo steady-state hypothesis 

" ^ E * S ' ” ^Tk7 wilh ^ = [3 + [E-s] 
fd _rtn , k i [E] [S] fk^k F [$]) 

[EJ - LE]+ i^r" lEj i k 1+ k F —i 


or [E] 


[E] jki + k F } 


k 3 + kf + k, [SJ 
E^prossioa for r p now becomes: . 

, _ k r r , r i [ £ J ^ + ^)1 

' f1 J] ki + k ^ Jfc, + [tj + t f + fe l [5]J 

r _ MriSlfi] 
f JE+*,:+*, I s J 

This expression reduces to equation 7-44 of the text. 

(b) For competitive product inhibition, reaction scheme is of the form: 


let 

£ + S co E * S 
kl 

ki 

E + P»E* P 

E, 


n - k][E]tS]-k 2 [E*S] 


r 2 = MEj[P]-ME‘P] 


kp 

E»S —> P + E 


rj = k F (E- S] 


-r* = tj = kp [E * Sj 


1-M 












i£ coin’d 


'E-! ■ r,- Q e 0 . k| [Ej ; sl. kn ' E . s) . kf{E . SN 0 

or (E * SJ = f £ KS] 
ks + kp 

3 ° ” * 3 M'E* PJ = o [g.pi _ k 3 [ElfPl 

N ° W ■‘■CEJ=ra + (E-Sj + t E.pj ** 

^ = K f- 2 — * ^ kf t k aJj. fSJ + k; fc, fPU i |-p1. 

1 k <k2 + k F j - 

■ r A = k F [E * SJ * - fc i kplEirsl 

^2 + kp 

= tj tFfS J / 

KeaiT:in g i flg(-rAi; 

■fr = — k&jjSj 


is]7S±^fj ^_k ? ipj[ 
k1 f *< I 


' 3 * miUr '°’* 7 « K- -Phccd b, tips k 
and UJ with f]p] kj ( * 

(C) ^ illhibidon - ration is - 

kt 

Assume reaction <$) controls, the 


kt 

H + S csE*s 


<1> 


h 

E + P E . p 


n / k, s 0 , r 3 /bsO. rj / k 3 . 


*■3 

E * S + p ^ . p 

1 J or L E-S] = K u r ElfS] 


7 - 6 / 
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£ cont’d 

H*P + S-»E’S-P (-1) [E*P] - Kal^S'P] 

ks 

E* S —» E + P (5) [E * S ■ PJ = Kj[E * S](Pj = K,Kj [E][S] [P] 


■r A ~ kf[E * S] 

[Ej = [E] + [E * £] + fE * P} + [E * S ■ P] 

[EJ = [El + K t ®[SJ +K, [E] IP] + Ki Kts [El[S] [P] 


‘ Tte, - t *' kr[E ' s) * kFK ‘ ratsl 

N _ k F k, rsi[E,i 

* f A - L + Kl [ S ] + k 2 [ P ] + K , Kj [SJ[P] 

This equation is similar to equation 7-86 of the text, with l replaced by P and k p by 

(b) Product inhibition of the uncompetitive type: Reaction scheme is of the form: 

*1 


E + S E • S 
k 2 

ka 

P + E*SesE»S"P 

kj 

kp 

E * S => P + E 

Rale of formation of P: Fp = r t - 


U - k,[E][Sl-k 2 [E-S] 

r 2 * kj[P][E ■ S] - kjLE* S* 
T3 = fc F [E * S] 

; by pseudo steady-state hypothesis; 


P] 


-J-J S •/’]=> [C»S«J»]=-2-EpIe*j3 

K 

'i.! tr i- f r r ]=r r ) i0= Ms]- Ms* s]- k F [e • s]=> 

.[£]+[£. S] + [£.S ./>1 


) 


7 ~ C Z 








"This equation is similar to En 7 ~T> 

fp]. t. . e iexi* with k s replaced by v hv 

kp[EJ> lPj ^K mb yi2f!SE and Kiby»E4 * ‘ * 

k i *3 


CDP7«r> 

a ) Find the equilibrium conversion. 


K a ,MHI 
0 [E-SJ 


k = MS 
IE S) 
[EXG}K f = [ElF]K c 
[Gj'fGJof 1-XJ 
[FJ = IO] 0 X = 


x r k f 


bj 60% of X e = .3 
Design equation: 


I-X s K a 
X t = 0.5 


dX,~r 5 


Rate law: 


Stoichiometry: 


dt 


'CO 


_ r _ E ; ([k 5 C c )/K G ~(k,c P )/K F ) 
_1 + lC c /K 0 ) + (C ir /K F ) 


Comb: 


Gc “ G m {1 — X) 

c f = c m x 

E = 15 

ining and using POLYMATH the answer is 4.4 h. 











C& P7-D cont ’d 


Zqua c i or.s : 

d; -) /d | k ) -Qo -rg 

■Gc-2 

v±J, 

Et 15 
k3-=. Q IS 
Xg=-15 
k3=.GlS 
Kf=.15 

Cg=Go*(1 -;tJ 
0 (S=Gq*x 
N y;a=Go/v 

r£=EM <k2 T cg) /Kg-{k3"cf) /.Kf> / E1+cg/Kg+£f/Kf) 
rga-rf 


Initial value 


0. 


K f = G.3 


t- g 

■Jai i 


£ 

kJ 

«g 

ka 

Kf 

iTB 

c£ 

Cl 

-a 


I 7ii e L 3 v alu-e 
0 
0 
2 
1 

15 

o. d i 5 
d.is 
0.515 
0. L5 
2 
0 
2 

(J,?0^C-2 

-o 20*102 


Mak imua vfl.Tit Mi nimum vfl.ue 
0;3 C 

i, 3^733 & 


o.ais 

C.15 

0,01? 

0.15 

&.£ 

2 

d. 2 a9io2 

-fl.5637 103 


1 

15 

5.Cl? 

g-^ 

d .015 

a. 15 
1.4 
0 

2 

a.&B:-7 2d* 
-G.20*102 


7 iru. ' 1 - ■■'•■a 1 =** 
0.3 

d . JTTS3. 

2 


d. d l, 5 

p.:5 

0.015 

0.15 

1.4 

C .-5 

2 

O.CSa^sgs 

-5.03J72O9 


c) Use same equations except E = E^ 4 *, 
Using. POLYMATH the answer is 10.4 h. 


Equations: 
d ( t)ZcUxI=£□/-rg 
30 = 2 


In i i i a 1 va \ y 


E-lS^KfU-.a-tl 

fc3=-QlS 

Kgs.IS 

k3*-01S 

Kf=,15 

cg*Gn # | l-5t| 

of=Go*x 
Ngo^Go ■'v 

rf nE'^k3*cg> /Kg- (kZ’cfj /Kf) / (I tcg/Kg ► /Kf i 

=g=-rf 


= 0j 


^ = 0.3 















C0P7-D 


conr’d 


Variable 

X 


■jO 

V 


5 

3 

; 


a.3 

1D-41SS 
i 


niaiiijw 

5 

□ 

2 


Q . 1 

:o.*ig* 


kp 

*0 

sc: 

p; 

SJ3 

ri 

X B 


3-315 
Q.LS 
. 3.015 
P. 15 
3 
a 
2 

□.20**02 
»0.2l??3D3 


15 

fl. 015 

0.15 

G.QL5 

0.15 

3 

0 .( 

1 

0.2Q?1<U 

- 0 . 013*177 


- ■ 3 0-a 5 
0,0 IS 
015 
a .015 
0-1S 
i-4 
D 
2 

□,0101177 
-0.20*302 


L. * 5E5 
0.3:S 
5. 15 
0.015 
G -15 
1.1 
0 . £ 

2 

0.0104177 

- 3 - 010*177 


t'o^e ZLTto K ' A ^ *= «“ h ™ 

b* to*» effect as K, «* tj has™ " “* ^ ^ ° f k « 


No Solution will lx; giv^n 


■ -K 
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GfiEZd: 



la) Assumptions: 

Transfer.me from bubble buUk eo fluid interface is not ra:t iiminng, i e G is 
the equs librium os y gen conceutrsdori, M 

System is.ai pseudo steady-staie with regard to the panicle size* i r e.. paracte 
growth is slow compared to oxygen transfer. 

* Rate of oxygen consumption is directly proportional to the cell growth rate: 

*0i = vfr r C whereyo, = yieldofcei[son oxwaenf gce ^ , 

' I mmole 63 

This implies that any oxygen utilization required to maintain the cells is negligible 
and there is no sign i rican t metabolic product being synthesized. 


Oxygen balance: 


where: 


Ro, - k s a b (C L .Cb) 

= ki &b Q: (C b - Q) 

= )*57 lcC * Cc 


•ct »b = overall mass transfer resistance from the bubble to the bulk. 
4c = surface area per gram of ceils 

k = mass transfer of cells on Qj 

^ = yield of cells on O3 
Reamm ge Oj balances: 


^ = Q-c b 

JEjib 

(i) 

_RO) r r 

ktacCc " 

(2) 

= r. 
nkCc ^ 

(3) 


Add equations 1,2 and 3 


Cl _ 1 




Roi kt at Qrtkcac T|kj 




W 


(1) When oxygen consumption by the cells is slow, the process is 


Thitsn 


1 and: 


Cl 

Ro, 


ki a b Cc k 


reaction rate limited. 







CDP7-F (cont'd) 


(2? When oxygen consumption is much faster than mass transfer, the mass nansfer 


becomes the limiting factor. 




T -“*-r - 

ki a b kc ac Cc 


(b) To increase [he growth rate, you could: 

* Increase k| a b by increasing fermenter agitation 

" S' COn f“ Cari ° il of «ils (since”this is an auiocataivtic reaction', 

sisc (also bSirereJng n=SS ractor fa >' basing the particle 

^ - yOj Roj Prom equation (4), haver 

Rc _ 


(c) 


C; " ^ftrr^rH 


Jre- 5 —-i- -J— (-—^- 

t k i a b C c |Jccac nk" 


= yo, Or 


'iT^+rJ—+ 2&]' 1 
.if] at kc ac T\k | 


f 

/cm 


- 1 - \SL. + -3_ + J59.1 f 

yos Cc Ci |k ( a b kc 3c t]fcj dCc " J dl 

SciCoL + LJ L^ + m^^Cr 
kj*b (kcacNkTS “ 


Cco 

W) Assumptions: 

* Them is a con stant number of parade 
‘ Each pellet is roughly spherical and has constant density 
« do », know which rcci^ „ e „ « tno „ m M reac[jo „ 

Boons, hue nay te eilfccr inremal oc cvcmal diffosion EmiaBons. 


Rc *=■ y^Q 


-i_ + -±J_JL + y& 
ki ab Cc Ike ac t]k 


^partclc ^ * and „ change „ ^ p „ icMameier _ 

“US need to find particle diameter as a function of Cc 
'“C * npcV c 


Vc - gdp 
<g . JEe, 

?c n 

diffusional 


when: n = number concentration of particles (1/1) 
= the density of the panicles (g/1) 

V c - psuocle volume (!) 


resistance can be modeled as: 

i = “ i d * 


djffu si 0na t resistance with or without shear is: 
kc ac ~ ^ d ? 1,5 < b < 2 


*hCi 


^£(a,d p *y„, 


7- & 7 











CDP7-F (conr’d) 


1(0 ' ,ft ' Ci 1st ■* £ or* * ^ cc M i| 


" \ 
6yo, 


where o', = «, -JL. and a ; = 

1111 Pc " 2 7 rn pc 

Dropping the primes and simplifying; 

^ - >'0, Cifr-*—-t- ct, Cq 2/1 + a, Cr^' 1 !' 1 


ik] a s 

jf 


'j0Cc = jfyOiCidi 


^ + - cA fl )^(Cc“-<#). yo , c„ 

{£) Ffooi pan (c} F wc have: 

Fora vigorously stirred Mentor, assume that fluid shear is sufficiently h.gh, 
tnai transport to the edge of the floe is negligible^: 

Q 

Ihe mass transfer resistance from air bubble to bulk liquid depends on the fennentor 

, ai< ° W r3tt> a ^ ISUDI * m[c and a number of other factors. For a 10 J laboratory 
scale fermentor. k[ a b was found to be * .50 du.n g ^ 

fermentation E> i nr aim 

Dividing ihrough by Henry's tow constant: 

Mb - ( 150 miJak.Ifo.gS -atm] w 3 hr 1 
1 IhraonJl m Mote/I 36 OO s' 

= 3.67 x 10' 2 s - 1 


— jj_m/ 1 

f c ” 1 

W + cJ 

iKo + C 0 J 


Rc = pCc 

!?" * f' reaC °°" “ w " h “ “W*« at andilly 

^ ‘ 1 °"' °’ ,y£ '" "*** »-be intrinsic nun ^ 

7 -(>Z 










CDP7-F (cont'd) 


Cn _ Cn 
Kg + Cg K() 

This implies that the consumption of oxygen is diffusion limited inside the pellet, diat 
[heThide modulus is large {* > 1) (See Ref. I. p.396). In order to check this (and to find 
the effectiveness factor) we calculate the Thiele modulus. For a first-oider reaction in a 
biological pellet: 


- & 

" 3 


P-mix PC 1 

yo, Ko Of 


maximum specific growth rate - = 0.3 hr ' l = 8.3 x 10' 5 s -> 


yield coefficient: 
Monod constant: 


Yq, = 1-5 


6 cell 

gOz 


Kg = 3.2 x 10 


-7 gOl! 


cm i 


Effective diffustty: = 1 x 10 - 5 cm 3 

Pellet radius: 


jo . s 

R = 0.01 cm 


Cell density in pellet; po = f«it p«u = 0.5 [^U|/-1-J 

1 1 'lioW/ 

= 0.15 g/ctn 3 
<p - 5.4 

Fora first-order reaction, the effectiveness factor is: 

^ - "4" ($ cosh $ -1) 

0 

ti - 0.4S 

Reaction rate constant: 

k . £ba» = S 3>: 10 ** s ' 1 = 0P6 i 

K ' 3.2 xlO-*!^. S°2 S 

Anally, assume an initial cell concentration of 0.25 g cel 1/1. the cell concentration equation 
now becomes: 


(Cc-0,25)^ 

J-ti7 x JO ^ s 


1.5 


gceil 

i0 2 


(Q.45)f0.26 


g02 


til 


"’‘‘ Cc ‘( L5 ^fH 7 ' 7x '° !l T 1 )' 


^2-25 (Cc - 0.25) + 12.8 In 4Cc = 0.012 t 

-arly, mass transfer from the gas to the liquid phase and internal diffusion play important 
tolcs in determining the ceil erowthrate. 

7 - t> ? 















CDP7-F fconfd) 

Cell mas vs time. Start at 0,25- g/1 


»(Jir> 

Cc (p/1) 

t (hr) 

Cttem 

0 

0.25 

8 

11.15 

1 

1.13 

9 

12.67 

2 

2.37 

10 

14.21 

3 

3.74 

11 

15.74 

4 

5.17 

12 

17.28 

5 

6.64 

0.5 

0.62 

6 

8.13 

1.5 

1.72 

7 

9.63 




Frtwn the graph ii can be seen that grow th starts out exponentially and becomes linear as the 
frrmsn cation becomes limited by gas-hquid mass transfer. 


Sensitivity analysis: 

The gas-liquid mass transfer coefficient is related to the agitation rate to the 0.95 
pQwcx&k k] d N 095 

What is the effect of increasing the agitation by 50%7 
kiaj = kiatll.5 0 93 ) 

= {3,67 x 10*|s-Ml-5®-”) 

= {5.39X10'2)^1 fc*g*ph) 

Since eeU growth has an exponential portion . another way to increase the growth rate 
would be to increase the innocuous size, Ccn- What happens when Coo is quadrupled? 

Ccn = l-Qgfl (set graph) 

From the results shown in die graph, a relatively small increase in the agiiadon rate leads to 
a significant increase in the cell growth rate, while an increase in innoculum size means that 
the fementanon reaches a gas-liquid transfer-limited state more quickly, but the growth rate 
remains the same. 

Call Mass vs Time 

tor a ST A p r_ termeniation 



7-72 





CDP7-F (corn'd) 


Rcfamocs: 

(1) James E. Bailey and David F OH™ 

B ™ is??]. 

s™, 1979), »V: **. W] lev& 


£&EZ£ 

* = 1W C B 
r * = ka C A Cb 
-r»d - fcdC A 

^SKrial balance- 
r 


D- FA/' 


dC^ 

d! " D fC Bni .C a ] + ^ c b .M^Cb 

y^ra 


Balance 

tfc, 


^ d KWc a j + k s C A C B -^c A 

c ®« - 0 C A „ = 0 


Stea t*y stale ^£4 _ dC^ 

* di “ 0 


JS> -iWCe-k&LCa. 

Ya/r 


dc 4 
, * 

r 


o) 


yA® 

Jc » c a Q - Jcj c A [2) 

£Sfv % prab!em . have D hi2h enoLsh k waib m awbas 

*ish c. 


but not 


0 











CDP7-G (corned) 


for C* =0 D = No amoeba after reaching steady state. 

C& = — ^ + ^ = Q..5 ± Q-Q1 s Q 2Z-^— final bacterial conccnrntiicm when C A = 0 
k 4 0.5 dm 3 

b) Ob* “ 0 = 0 ihen Bacteria and Amoeba Balance becomes 


dCe 

dt 

= tM™ 

-D)Cb-[^ 

CaC h 1 

vajb 1 

dC A 

dt 

<J 

■t 

-W 

11 

Q-P + ^Ca 


= 0.5 hr- 

1 kd = 

0,01 

D = 

0,04 hr 1 

y-vs 

= 0.5 

k, - 

0.5 

Cad 

-- o.l 



Cbo 

- 1.0 


■j-s 

Sanations; 

d(eb* /d^3 m [. S-dJ *cb- - 5/. 1 
d(ta!■ Ad( c3 =. 5^Ci 1 cb- td* .Old *fi 
d---D4 

* &r c f * SO 



Initial valdq 

1 

■3.1 


CDF7-H No solution will be given 
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CDF7-T 

Since the denitrification follows MichaWk m. i ■ 

“ d K - Line weaver Burfc pl 0I . Chacili - Men ™ ^«ic s , first determine 


Initial 

J*V)( PP n,) 

[Ncy 

Time for 50.6° 

red tJC [frtn ^Tthh 

25 

.04 

35 

50 

-02 

3S 

75 

.03 3 

44 

300 

030 

50 

200 (given) 

-005 

(given) 

where the rate of reaction 

found by the mtiO' 


l ft 


.357 

.658 

.852 

1.000 

L515 


2.800 

1-520 

1.373 

1,000 

0.660 


initial f NQ, J / 2 

nme for 50% reduction 



leaver Buifc r 1 = (-5 e_|J. + ! . * . 

r IvJ S + %~ wh 'K S ^ fNOfl 

** ** plot. V n 


r rfiM — — 


■In-a* 

ppm 


intercept ~ 2 ' 73 ^ 
" = 165 ppnn 

Xl> nCCd conv ^ion as a function of time. 

N S0 dK t . rsV 

eft * 


7- 7-3 













CDP7-I {rant'd} 


K m + S 

S = Soli -X) 


Rate Law: 

Stoichiometry: 

Combining; f - V_ 

f ^H-Sod-X) f 

J n (1 -X) dX “ j dl 

" Km ln Irof! + s ° x = Vm « I 

Finally, t = S 0 X - K„, In (i * X} 

Know V mu , K ra , e — 6 S hrs — 4080 min 



(46— 

/1000 me; | 

il ppm l 

l moO 

i s 1 

1 mgfl } 


E ppm 


Iteration co find the conversion obtained after 68 hrs gives; X = H£3Q 
The[NOj'jkvd is: (I - 0,930) (11,500 ppm] = S05 ppm 
Since t. Km, and S 0 am fixed by the system, the. change must be made in V 

Desired conversion: X = I —- 95*5 

11.500 

Desired V — ^ 1^00 (-9565) - )65 h\ ( ] - .9565) _ ^ ppm 

4080 ’ 


min 


Since v m „ a [HJ , increasing the concentration of whole cells in the emulsion will increase 

V™: 50-2^4- - 5 17 mg cells 

mi emulsion mJ emuEsjon 


Therefore, increasing the cell loading to 52 would results in a level of [NOfJ 

ppm after 68 hours. 


CDP7..T 

ajFind the p value by dividing r by C c . 

1.1 

.71 

A 


100 

50 

20 


7 -Vi 


J 















CDP7-J (coin'd) 

Using POLYMATH, find the values for and K v 

M™. = 2.1 

K s = 92,2 



n, OSlftuir>OX«CS^<Ks-fCS> 

***** = 2,05665 
*■ ? 92.2253 

* t,V * rBSld ^ E5 ' 1 nP9 * tlv * '^^ua] S . Suit of Bqua r „ = a00lSM07 


I?) Using the equation ; 


. s 

-ix 




1| - 

Mu 


If 

m 


V = J^ 


Kic r s 


y - ^ _ p, 
I Pic — TT^ — .11 


■at 


r = Mzm& Cc. _ 1& 
^ + C, 

V - 9.57rfflj' 


I 

w 

Tfipt 


7- 7s’ 









3rd Edition. Solution Manual, Chapter 8 


PS-1- 

Pfr-2. 

P8-3, 

P8-4. 

PS-5. 

PS-6. 

P8-7, 

P8-8. 

F8-9. 

P8-10. 

P8-11. 


Chapter 8 


An open-ended problem that requires students to create and original 
problem and solution, 

"What if. . problem. Many good extensions of the Living Example 
problems. Choose one or two parts (c) through (k) and alternate pads 
assigned form year to year- Part (d) is the easiest. 

Actual case history. This problem is continued in Chapter 9, F9-3. The point 
of this problem is to calculate the conditions at the time the CSTR feed was 
shut off. Fairly straight forward. The students have to use the enthalpy 
balance that includes phase change. 

Very good California problem. It takes some time for the students to realize 
that there is essentially complete conversion (X=l) and that work is done on 
the system. 


This problem concerns a liquid phase reaction carried out adiabadcally. Parts 
(a) through (d) are straight forward and reinforce the principle of non* 
isothermal reactor design. Part (e> asks for a sensitivity analysis (i-fr 
parameter variation). 

This problems concerns an adiabatic gas phase reaction. The students | 
sometimes forget that the gas phase reaction the concentration is a function . 
of temperature. Overall this is a very straight forward problem. 


This problem extends P8-6 to include pressure drop. Very straight forward : 
using POLYMATH. However, one may run into trouble during •; 
Integra don if a is to large and have to use the POLYMATH stiff algorithm 


,jj3 

This problem encompasses all the facets of non-iso thermal PBR and C5TK* 
with heat exchange. Fairly straight forward with POLYMATH and reinfo^f 1 
the concepts- This problem can, be alternated form year to year with FfH^ ™ 
12, and F8-15- 

Same comments as for Ffi-8 except it does not have any CSTK calculation 
Alternate with F8-8, PS-12, and F8-15- 


This problem shows the competing effects of adding an inert 


to 


3 


endothermic reaction. The students are asked to find the con central 


(flow rate) of inert that maximizes the conversion. A straight for^Pj 
problem. That can be alternated w r tth PS-23. 


This problem requires the student to apply the energy balance *■? ' 

membrane reactor. The student will have to derive the ' 1 

ven ™ 


relationships from first principles because there are not formulas gJ 
membrane reactors with heat effects in the book. 


p,B-l 




3rd Editio n Solution Manual, Chapter 8 


^ Same comments as for P8-8 except there arp nri ,..1 i i _- 

with P8-8, PS- 9 , and P8-15. P calculations. Alternate 

P8-13, Straight forward problem involving reactor staging, 

P9 ' 14 ‘ ^ng U!ati0nS arC in this SOmewhal problem on reactor 

iSlo. Same comments as for P8-8, however, even though this reaction i« 
reversible, the problem is fairly straight forward. ' 

P8-16. This problem is a very slightly more difficult problem on realtor staeinv 
than PS-13, yet is reasonably straight forward, 

PM7 ' 2™p| 2 i. s Sp^™ ard pr ° btem “ ■*“* stal «- Al.™ to PS- 

P8-18. This problem is usually assigned at the graduate level. 

P8 ’ 19 ' Cakulat ’ n Z the conditions for the reaction to 

P8-20- Same comments as P8-17. Alternate to P8-17, F8-21, and P8-22. 

PS-21, Same comments as P8-17. Alternate to PS-17, F8-20, and PS-22. 

^ 15 ** m ° St ° rte " P r0ble ” “f Htn multiple steady state 

P8 ‘ 23 ' ra"lO. ,he (>ptimum fced rale “ f Living Example 8-7. Similar to 

P8 ' 24 ' i^Tonly 

i—At PS 25 through P8-27 concern using Living Example Problem E8-10 lo study 
different effects and conditions for the SO, oxidation. > 

TOble,, ’n.ind 2 *hi r e probes 2 '" V °' Ve " lu ' tiplc reactions with heat effects. In mv 

under,!!T ? We , are ° ne . » f !h « pinnacles, if not Ike pinnacle of an 
k uel e course in chemical reaction engineering. 

his problem concerns series reaction with heat effects in a O^TT? Th^ 

cou!d extend the tv&TL *: 

e U * "r 7 ° Ut a paramcter sensidvit >'- e -8- increase/decrease/ E x and 

reactions Pr ° bem ** aiternated with which involves parallel 
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P8-29. Encompasses all the aspects of multiple reactions with heat effect. Fairly 
straight forward problem with POLYMATH. 

PS-30. This problem on the production of styrene is almost always assigned. It 
encompasses all the facets of multiple reactions with heat effects. The 
students will be able to find an optimum inlet temperature and an 

optimum inert flow rate. Double or triple credit is often assigned for this 
problem. ° 


P8-31. Parallel reactions with heat effects in a CSTR. Quite straight forward 
the POLYMAT IT non-linear equation solver. 

P8-32, <Prof. Fogler: Anything going here?> 

CDF8-A Very straight forward. 

Assigned at graduate level. 

Assigned at graduate level - 

Assigned at graduate level. 

Continuation of problems F8-26 and PS-27. 

Continuation of problems P8-26 arid P8-27. 

Continuation of problems PS-26 and P8-27. 

Straight forward problem of parallel reactions H with heat effects. 
Alternative to problems PS-20, PS-21, P8-22, CDP8-7, and CDP8-N. 
Straight forward problem of series reactions with heat effects. 

No so straight forward of multiple reaction with heat effects. 

More complicated version of Problems P8-2G, P8-21, and P8-22. 
CDP8-M Alternative to F8-20, P8-21, and P8-22. 

CDP8-N More complicated version of PS-20, P8-21, and P8-22. 

CDPS-O Straight forward problem of multiple reactions O with heat effects. 
Straight forward alternative to P8-6. 


using 


CDP8-B 

CDP8-C 

CDP8-D 

CDP8-E 

CDP8-F 

CDP8-G 

CDP8-H 

CDP8-I 

CDP8-J 

CDP8-K 

CPF8-L 


CDP8-P 


, 1 


Symitjflqr 

p-8-3 
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Solution 


P8-1 

Assigned 

AMraaies 

Difficulty 

Time 

Given 

Mr* 

• P8-2 




120 

IN U 

No 

• P8-3 



FSF 

45 

Yes 

• P8-4 



FSF 

30 

Yes 

• P8-5 

AA 

6J,N 

SF 

75 

Yes 

P8-6 

AA 

5,J,N 

SF 

50 

Yes 

P8-7 

O 


SF 

30 

Yes 

© P8-8 

AA 

9,12 

SF 

75 

Yes 

P8-9 

AA 

8,12 

SF 

60 

Yes 

• PS-10 


23 

SF 

60 

Yes 

P8-11 

G 


MD 

75 

Yes 

PS-12 

aa 

8,9 

FSF 

60 

Yes 

• PS-13 

AA 

14,15,16 

SF 

45 

Yes 

PS-14 

AA 

13,15,16 

MD 

60 

Yes 

PS-15 

AA 

13,14,16 

FSF 

70 

Yes 

PS-16 

AA 

13,14,15 

SF 

45 

Yes 

PS-17 

AA 

20,21,22 r L 

SF 

60 

Yes 

P8-18 

G 


MD 

75 

Yes 

PS-19 

O/G 


MD 

60 

Yes 

PS-20 

AA 

17,21,22,D,L,1 

SF 

95 

Yes 

* PS-21 

AA 

I7 ; 20,22,D,L,I 

SF 

60 

Yes 

P8-22 

AA 

17,20,21 ,D,L,I 

FSF 

75 

Yes 

PS-23 

O 

10 

SF 

75 

Yes 

PS-24 

G 


MD 

120 

No 

• PS-25 

G 


MD 

90 

Yes 

PS-26 

I 

27,E,F,G 

MD 

90 

Yes 

PS-27 

I 

26,E,F,G 

MD 

75 

Yes 

PS-28 

PS-29 
• PS-30 

I/G 

29,30,31,H 

MD 

75 

Yes 

AA 

28,30,31,H 

MD 

60 

Yes 

AA 

28,29,31,H 

MD 

100 

Yes 

• PS-31 
v PS-32 

SJ CDP8-A 
CDPSB 
‘ 7 ; - CDPSC 
CDP8-D 
CDP8-E 

O 

G 

G 

T/G 

I/G 

28,29A0,H 

C 

B 

17^0,21,22,L4 

26,27,F,G 

MD 

FSF 

MD 

FSF 

MD 

MD 

60 

60 

75 

45 

45 

60 

60 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

CDP8-F 

I/G 

26,27,E,C 

MD 

60 

Yes 

CDP8-G 

CDP8-H 

CDPSI 

CDP8-J 

CDPSK 

CDPSL 

CDP8-M 

CDP8-N 

I/G 

26,27,E,F 

MD 

60 

Yes 

I 

I 

I 

28,29,30,31 
17,20,21,22,D,L 
5,8,G 

MD 

FSF 

FSF 

45 

45 

40 

Yes 

Yes 

Yes 

G 

28,29,30,31,H,I 

MD 

75 

Yes 

G/O 

A A 

17,20,21,22,04 

5,6,J,P 

MD 

SF 

120 

45 

Yes 

Yes 

I 

17,20,21,22,D,I,L 

MD 

60 

Yes 


p.8-4 






^rd Fd it ion. Solution Muiml, Cl^sptef ® 


CDPB-O 

CDP8-P 


AA 

O 


29 , 30 , 31 , 1 - 1 , 1,1 

5,6,1,N 


MD 

FSF 


» . Always assigned, AA = Always assign one from the group of alternates, 
O - Often, 1 = Infrequently, S = Seldom, G = Graduate level 


“^robloms that have a dot in conjunction with AA -eans that one ^l. 
problems, either the problem with a dot or any one or the alternates an 

always assigned, 

^Approximate time in minutes it would take a B/tP student to solve the 
problem- 

" SF^ = Straight forward reinforcement of principles (plug and chug) 

FSF = Fairly straight forward (requires some manipulation of equatu 
intermediate calculation). 

IC = Intermediate calculation required 
M = Mote difficult 
OE = Some parts open-ended. 

'Note the letter problems are found on the CD-ROM. For example A - CDP1 A. 


Summary Table Ch-8 


Adiabatic 


Non adiabatic 


PFR 


2(e),5(a), 
6(a),l 0,23 


15 


Stra ight f orwa rd 5 (a ,c) ,6 (a 


PBR 


7,8,12,2ft, 
27 


CSTR 


3,5{a,d) 

6{b> 


4.8(c), 

I5(c>,19 


Membrane 


11 


Parameter 

variation 


2(c,d,g,h,i' 
5(b,e),8(e) 
9(b,c), 


8(a),12<<.) 


3(a,d), 
ft (b),8(c) 


I2(j) 


Staging 


13,14,16 


MSS 


17,20,21, 


22 


Res 


28^| 

1$$ 


30(a. 







































Chapter 8 

ESd, Nb solution will be given, 

ELI No Solution Will be given, 

EO 

EaiLt Find reactor temperature at steady state (prior to shut down). 

Let M; mass of NTLt NOj in reactor 

FaO- Ibs/hr NFm^Oj fed to reactor 

Mass balance: - F A0 (>X) = -r A V = kM 


■ Energy balance: 


v _ k(T)M 

Fao 


f MZ9ifH “ ■ Hi(T ^ + Pao x AH^m + F A0 (I.X)AHva- o 

^ .CT) IS the enthalpy of i at the phase and temperarmt: of the reaction, AHv* is the 
pori,2aqon of A, and AHr^, (T) is the heat of reaction at the outlet temperature: 
NH 4 NQ 3 (I) —J. 2H 2 0 {g} + N 2 Q(g) 

A —»• 2 B + C 


HMLV 

iHR' 


' IaSl tenQ F Ao (I -X) AHva accounts for the unreacted NHj NO3. which exits as vapor 
*■**«* *an hqmd Now, w c can make some substitutions 

^ =^- . ®a - l; 9 C - 0 

° f a 15 and the enthalpy cha,1 S e for water 200°F (!)-> 500*F (; 
® n. So T after dividing out w& obtairr 
b 

CWT-300) + e a [H B (500-F) - H B (200 fl F) 4 - C^fT - 500)] 

+ X + ( 1 -X) AHva = 0 

!£j™“ ' q ^“ JSS “T‘ *“ (1) «“ w , Bsanito 

ta " 8 '- “ d C) *' ***** cta ”s= NH.NOJ (aprosj -» NH.NO, ([*,„*) is 

Vc. b abb™. W5 kcbb, foc * c effra dejaxfcn* tf 



PS-3 coat’d 


= AtWT,) 4 (T-T f ) [g ^ ^ Cp. - Cp.j = AH RlD (T r > + <T-T r } ACp 

Let AHw = Hb( 500) - HaPOGj, have: 

C p , (T - 200) + 0 B (AHw + Cp^cr - 500)} + X [iHa» + iCpCT * 500)] 

+ {1 - X)AHva = 0 

on T (c pa * e 3 C ?a } 4- i-c p ,{200) + & B {aH„ - MOqJ 

+ X [aHr* + AC P (T-50O)] + (1 - X) AHva - 0 
Numerical substitution with. 

k (560) = 5.03: k (510) = 0.53 

it “' 1(1 (o53 (LfiO + 459.67 *510 + 459.67J = 44499 

Ao = k, exp = 4.51424 x J 0 I? 

C-, a 0.38 -S^L_; Cn. = 0.466 (P = l atm over 450 - 500"F Himmclblau) 

^ lb R " 

Cpc = 0.2521 -Bul (Himmdblau. App. E, over 230-265°C) 
lb - R 

8.-W1-0.205 
AH™ = 1034 

lb 

F a0 - 257.3 lb ^^ . 9 . ) 

hr 

AC P = f£g (0.2521) + (0.466) 0.38 - -0.0316 

SU.UJ 5U-UJ lb' R 

4B *“- 336 Safer 


AHva-C p* ( 410 -T) 

Substituting all of this into the mass and energy balances: 


?- 7 











FS-3 corit'd 


4.51 x 1Q 1? exp ( -44*99 , 4 ] M 
r __ _ 'T + 459 67/ 


257,3 


tuass balance: X = 

Energy balance: 

0 ' 0.43 T + 33.21 +■ X(-320_2O - 0.03 T) + (l - X)( 155,30 - 0.3 8T) 
Assume X - 0.96 and M - 500. From mass balance: 


T = 






/E, 


459,67 


T = 5I0°F 

FB"4 Given; The ciY l nri itiiiiic liquid pihm fI i* 1 1 ^ 


A + 

B —»-2C 


Eest 

a 

I 

Q 

F -(“T kL ) 

10 

10 

0.0 

Tto.m 

30 

30 

- 

cp,.f— Bni — ) 

Ijbraoie °f| 

51 

44 

47.5 

MW.f—ib .) 
ub mole/ 

123 

94 

222 


63 

67.2 

65 


AHr = 20.000 Bru/lbmoLc. A - constant 
Energy balance with work term included ic 


nr^- X A AH* = I&i Cp. [T-TJ ; 

r !^0 

9 a = Xaf = 1 

Eao 10 

Q = UA (T s -T) 


Substituting into energy balance, 


tfcV 


r 











F8-4 cont’d 


m,. 

•or * 


PS-5 

1) 

2 ) 

3> 

4) 


UA fTs ' T) ' W$ ' Fa ° ^ X ^JF = F xo [Cp A + Cpflj[T-ToJ , or 

UA (Ts ' T ° J ■ ^ ^ - l*« [C^ + C, a ] * UA | tl-Tj, or 

T.T. 4- ^Ts-Tj-Wii - Fan AH, 

^AO [C^p A .+C p aj + UA 

's = 25 hp X 23^5 BtV - 63 ^ 2 5 Bfl j 

hp ■ hr hr ' 

150 * 10 f[i < 365 *' TPF + 63,625 Bm . I0 BunaL x 20.000 Bn 

T^soT-h _ F , _ far hr Lbo»{ 



10 lfejQilLf5i + 44j —gfl.- +IJ0 _Ja u> 10ftl 


T = 199 S F 


^PFR 


= Fao| 


A + B 


~ r A h 




_ 

r A 


- f A ^ C A Cs T k - k (3O0)dbm j) 

Liquid Phase 
Cao =* 

Adi aba dc 

T = T 0 + - x (~AH R fT 0 )) 


c a- c A0 {i-jq 

Cb=C A0 (1-X) 


A) 


B) 


Q 


E*i-C Pi ^XiCp 

A £t* = C ?c ■ CpB - Cp A — 30- 15 - 15 — 0 

AH ft (T) = He - H B -H A ={-41,000) - {-15,000) - {-20.000) 
■iHRiT] n= -g.000 cal/mole A 

Z9iC * = ^ + 90 Cpn - <V + C pB - 15 + 15 - 30 cal/mal ■ K 
T = 300 + = 300 + 200 X 


'iSr 

Ml 


#1 




T= 300 + 200 X 


9 



















PS-5 

5) 

6 ) 


f itlCr. 

XRj.:-: 


feint'd 

-T-A-fcCXod.X) 2 

-*X = 10*k(l-Xp 
Parameter Evaluation 

A) CSTR x = 0 35 T= 300+170-470 
t-4,31, kCio^O.0431 

-*A = [.G43l)(.l5f -9.71 x HV 4 Tnol 

dm 3 ■ 5 

V = - Cap Vo X _ (0.1)(2)f,g 5 } 

"^"a " ■—“— 

9*71 x lCr* 


B) 



A 

T 

k 

-Xa x 10* 

£ao 

0 

300 

0.01 


" r A 

*2 

.4 

.6 

.8 

*85 

340 

380 

420 

460 

470 

.072 

.34 

1.21 

3.42 

4.31 

i 

4.6 

12.3 

19.3 

13.7 

9.71 

fo- 2000 
f| “ 435 
*2 = 163 
h = 103 
f4 - 146 
fj * 206 

< 

rJ 

*^>pj 

+ 

4fi + 2fj + 

4f3 + £d+£[£i + fj] 



b) 


- ^[2000 4 4(435) *. 2(163) t (103) + 14< j + + 

> ^(2000 4-1740 ♦ 326 * 412 4 146 ] *^[,46 + 206] 
v = 308. + 8.8 - 317 ^3 

T-T 0 +tA5«)x 

r0 iC Pi 

550-1, +200 


206} 


y-/ “0 







P8-5 coat’d 

c) POLYMATH 
dV F ao 

^-(^{aHrJ^Cp. + CpJ/Fao 
AH* = -6,000 

t-0-01«p[5032.7( 5 L.l)] 

C A = 0.1 (LX) 

Fao - 0-3 

d) POLYMATH CSTR 
F(X) = 500-^ 

r A “ --0I t 

k = 0.01 exp [5033(^-1)] 

F(T ) = 300 + 300X - T 
X = .9, T = 4S0, k ~ 5,4 

Polymath X = .9211 T = 434JZ1 

e) Making E = 1000 f causes the conversion to decrease and the profile will be a 
straight line for the same volume. Making E = 30000 cause X to go to completion 

at a volume of only about 60 dm ! . Making AH E = -2000 decreases the conversion 

and makes die profile a straight line. Making AH„ = -25000 also causes the 
reaction to go to completion in a volume of only 45 dm 3 . 


z~u 



cont*d 


f) To fin lI T„ the following must be (me: 


T r -r = 


RT: 


So: 


X - jo + _ 300 + 3 * 3 00 


I -HJC 


1 + 3 


300 


J 987 Tl 

10000 ' r+300> 0- 
T r >320.4Jf 


su 


liX — _* yp 
dW a^ao 

neglect pressure drop , e = |,o 

c»o = (j2|aii)|o,27i nsL] „ s.42 s^iL 

E '^ ■ |-5™.6 

dC p= 15+25-40 = 0 

= -40 + -50 - (-70) = .20 JlL 

moj 

"**“ “ —fe ««—ta ft. ^ M., „ 


L 'rtwb- 


■ ! 


dm^ / ~ 5 


jfii-, 


give 


T - t ^HrJToIX 
Cp, + XAC P 

















Problem 

""K-c; 1 ora: 

d SxJ -'a tv) ■ —r-±_s lafl 

d Ct) tv) LiT^-a-'ioci> t"' taff 

k-. 8 1 -™ LSB32.7- t L) 

catf-. i, 

ca-'caJ* ^ 1 ~xi 

r^-lt^ca^E 

dh"~GBBB 

Ofl" 1 5 

CM3" 1 5 
fad-. Z 
rate 3 " t~4 

Initial v^lu^s; Vg= S L ff + S§.», t ff - ZJB.fiTF 

“: na 1 yai Le 2 v f" 2 ££ r EfJ 



r- & 




P8-6 eont’d 




b) Fluidized bed CSTR 






■r.^C^ia I» 

A (IteX) T 


t - (. 13 3) ap [3776.6 ((-J_). (l|j 
Adiabaac witfi W s = Q 


*r — t AHufTJX 


^Hr (Tr)— -20,000 kJ/mol 
A Cp = 0 , Pure A fed 

T = T,+ L^^TrJ )X ^ 45Q + f-f-2Q.0QQ)ix 

C P* . 40 



*henX = .S , T=850 


?- / ^ 

























Pft-< CODt’4 



k *6.9 , t = 1 



r (5.42 moI/s}(.9] 


= 39.4. kg cat 


.11 mol/kg cax'S 


prwlea 


The couitiorwT 

d tv) fid] ■ -f’fc' fas 
t !-4S^*5G3** 

k*- l3'3»CTpP7?&.6* < ) > 

ca** + 27l 

“tO ■ / <l**> 

rn--k*0& 

dhr«-5?3Hff 

*qp&--+0 

ratc^r* 

valued Wj- e,J. fl.I 

Final valu«: iur“ 


\ - rate 


KEYi 




E» l 1 


ilith 


h. as 



^ rfZ g,0( ;3-SW 


F- 











P3.-.6 coat'd 



Sl.«f 




gr -r; 

^ _ rJ awJ 
m ~ r AO C^ 

** aace raciion is adiabatic widi w s * 0 we could use 
T = 450 + 500 X 


<- kc ~ imW ’ 

where y =t pyp o 

Then 


_dy_ 

dW 


gfI+£X)fT/T„l a(l-t-X}j T i 
2 y 2^^450 J 


k-|H 2 i)«xp[ 3 TO.6(( 3 I jf )-|lJJ 

Scc POLYMATH Progiam -r A - k C A0 = 0.27 JOOL . f ao = 5.42 ms?I 

dm 3 S 


a ■ 0,019 k" 1 


<T - fU 
















jjjSil cant’d 

adiabatic pbr mith pressure -drop 

The e<xiat i on$: 

d yd Ow) p -r^y faJ? 
d (t U yd (ty) *ra*dhr^ I faJ3 ! *cpa5 
d tv) yd (w) = - Cl +x* * (t 1 *a tphay {2*y) 

k*« I33*«p (377G,6* < (ly^S0) - 
Z? 1 

ca=catf* (1 ~s0 * (45tfytl) y (1+xj *y 

ra*^k*ca 

f&0*5,4Z 

dhrs-£iwM 

cpa*40 

rate*^ra 
alpha=,ZL9 

r-itial ’^Lues: - 0 = e.ff, b t je f 453.1*0, -j* 

" M^i value: 37.JJ0fT 


s-aiobatii i^br w^nh pressure drop 


KEY: 

1 - * 

2 - rate 

3 - y 



i. zsrae 


F- /1 







p8-7 coDt'd 


adiaba-ci^ per 
Int^er-at i -ott P^suits 


% i 

45B. Mis' 
^5.35 
*63 . j 4 

465.35 

*71.71 

477.31 
434. ZB 
**B .as 
*97 .es 
S35.ZB 
512.82 


ratt: 

0. B363 

0.0373 

0.0396 

0.8416 

J B. 0436 

8-045 7 

0-8473 

0.0588 

8.0523 

8-8545 

3.0567 


C, £ 

;,;08s 
i.t200 
7.5820 
•- . 0008 
7 -5000 
1 - 0000 
18-580 
1 Z. BBSS 
i3 .500 
1 5 , 000 


w 

IS.000 
16.500 
J 6.880 

1?.500 
2 1.080 
22.500 
2 4.800 
25.500 
2 7 .000 
2 3. 500 
20. 800 


8.0 

8.0101 
3.0137 
8.0313 
8,0434 
8.0556 
0.0654 

0.0a10 

8.0950 
8.1104 

0. use 


8.1256 
8.1415 
8.1579 
0. 1 749 
8.1923 
8.2102 
8.2283 
0.2465 
81 20 47 
0.2825 
0.2£97 


_ t_j_ 
512.S2 
530.74 
528.96 
537,44 
546.16 
555,03 
564,14 

573.26 

582.36 

531.27 

599.36 


rate 

0.0567 
0.0539 
0.0689 
0.0626 
0.0641 
8.0653 
0.0659 
0,0659 
0.0652 
0.0634 
0.0606 


1. 31338 
0.9356 
0.9707 
0.9552 
0. 9392 
0.9224 
0.9049 
0.2866 
0.S&74 
0.3472 
0.3255 


_V 

0.825? 
0.3035 
0,7797 
8.7544 
0.7275 
B .8986 
0.6676 
8.6341 
0.5976 
0.5566 
0.5109 


f-lf 







pS-7 cimt'd 


adjobaxic »bi~ 
Iritagp-x-t ] 


MJ 

X 

31J.flw 

0.2997 

30.300 

0,3031 

3jJ . 6J50 

0*3064 

20.900 

0.3096 

31,280 

3.3123 

3 i. 

0. 3160 

31.300 

0.3193 

32.100 

0. 3222 

■3 Z , 400 

0. 3252 

32.700 

0.3251 

33.000 

0.3310 

33* 300 

0.3337 

3 Z .600 

0* 3364 

3 3.900 

0.3391 

34.200 

0.3416 

34.500 

0.3440 

3 4.000 

0.3464 

35.100 

0.3406 

35. 400 

0.3507 

35. 700 

0-3527 

3 6.000 

0.3546 


UJ 


36.000 

3546 

36.075 


36.150 

0*3554 

36..225 


36.300 

a.3553 

35.375 

0.3566 

36.450 

JBf- 3S7B 

36.52S 

fl.3573 

36.600 

ff.3377 

36.675 

3*3530 

36.750 

3.3S84 

36.025 

ff-35B7 

36.900 


36.975 

£*35f2 

37.050 

a,3595 

37,125 

3-3590 

37.20ff 

3-3600 

37.275 

3. 3602 

37,350 

3. 3604 

37.425 

0.3&JJ5 

Z 7.500 

a.3607 


tl 


599.56 

ff. 0b Bb 

601.53 

0.1599 

603.19 


604.32 

e.fssai 

606.42 

a,H574 

630.00 

tf,ff564 

609,56 

0*1554 

611.09 

0.IT544 

612.59 

0. 05 32 

614.05 

0.05 2f 

61S.49 

0.0537 

616.1? 

0.0493 

616.22 

ff.0473 

619.53 

0.046Z 

620.30 
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d) When the reaction becomes adiabatic the energy balance will then 
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Plugging that into POLYMATH gets the following program and graphs. 
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We can use those equations in POLYMATH and the following graph is made: 
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-3^000 

-70000 

-.20000 

-2000Q 

EaG 


s 

5 

5 

cua 

*0 

ja 

40 

40 

k 

1 

l 

0.0213034 

0.0232054 

CH<J 

0.2& 

0.75 

0.25 

0.25 

CA 

0.25 

0,25 

D.0325702 

0.0625702 

TA 

-0-25 

-0.DD19j.64 

-0.25 

-0.O015L54 





Cl3PC — 




r- 37 













F8-1Z 

(c) 


Sr™ va, “ foi,hc hgi»^ «« 

* Ssi~£tS=s ttsws^. 

increase w temperature, conversion and pressure drop. 


£SU2 



K C -^£&=; 

C A C 0 


xi 

U-X.F 



-•<. 


or X. ^ 




1 + /K^ 


f(x e )*x..(i-xjnc 


K c = 500,000 exp nl 

t 1-987 1323 Til 


X e 

LOGO 

0.999 

0.995 

0,984 

0.895 

0.837 

0.76 


T 

440 

460 

480 

500 

520 

540 

560 


X c 

0.585 

0.40 

0,26 

0,1529 

0.091 

0.057 

0.035 






PS-n coi^d 


t=t d 


Cp* + Cp, 

T = 300 + 600 X 




[25 + 25) 


50 


V _ T-3QQ 

600 


: ne ions: 

■' (vd -x- (l -x> *k** , S 

Itff-530MB 
t-390 

*.~*p f-3MI8T* 
jt»kiT«e 






























































































For first reactor 




1 +Kc 


JB3 




For 2nd re^cior 

K C" 2B f^orX, ; ,K !Llis , 

For 3rd reactor 

Kc-SBiX^ ^0, 

lX & 1 + Kr 

Ur reactor in fust reactor X e = Q 2 

Therefore F b = f aoi (, 2 ) 

Jld reElcton mplcs of A entering the 2nd reactor: F V(J , - 2F f 

A02 ~ 2F *oi - f aoi (.2) = L$ F a0 i 

082 ^ rfe^ 0 - 11 

i.5h A(} 

" Fa °* 2 Cf6 > ^ + f a02 x ( -ah r > = o 

X - + ^BCpBjfT-Tn) 


-AHt, 

Slope is now negative 
3rd fieacEor 

Say X c2 =s 0.3 

9fl - (0.2F AO |) + JF A02 = F A oif.2 + (.3X1.8)) 

1** = F A01 + F A02 (!**» = F AOi + OF AQi . ! + , g{1 

K. Faib- Z2fi F ad1 A01 


■ftp. 


^ Feed io reactor 3 

F “ I ” 2F ™ + 3Fm2 -( j »{-3Ki 8» F «. -.OTFm, 


eB3=QJ4 

2.26 


4o 










Feed tEmpcmnire 10 reactor 2 is 

Feed temperamre 10 reactor 3 is 

Xfi»i = (.4) 

Moles of B = (.2 F A (m1 + -3 f ajo2 + “ 4F ai 03 = F Atii {3 + + (-4)(2-2S)) 

X = 0-54 

5Fa01 _ 

PS-15 The elementary, reversible, phase reaction A + B » 2C 

Feed: F a0 = Fb *- 20 moi/s = 1200 molAnin. 

P 0 = 5S0i fcmol = 5.74 atm. 

To = 77°C = 350°K 
Y a o = Ybo = 0-5 

r = 1®*0 (0JM5-74 atm.) ..n,^ 

CA “- RTo '(0.082 ^jlSWKl 


52fl-t.45Q = 4S5 
2 

3 
















coni *d 



Equilibrium constant 


AHR (Tr) = ** ' H * - H « - 2f-45,000} + 40.000 + 30.000 
ACp “ 3C Pt-^ 'Cp. = 2(20) - 25-15 =0 
So AHr (T) = constan, - 20.000 J/moic 


Kc=k ci ^|4|e.|J._xj| 


Kc-25.000 am n] 

l 8.314 [ 39 g-£JJ 

Kc = 25,000 exp [-2405.6 /-I_111 

1 ^9S TJJ 


k and Kc eg ji be 




l CafcuIatCd ** CD and (3> if x is given. 


C A C B 


C A=CAC(1-X)f 

^ = Qutfl - X) f where f = 2£ 

G c = 2C JM) Xf 


ct) 

-20,000 J/moie 

CD 

(3) 


Z-4l 





FS-IScnttrri 

Substitute C A . C &1 and Q: imo Kc 


c^oa-x^fi (i^x ) 2 


( 4 ) 


iTqf= JK- 

^ \-X 


W Xc £ - 


2 +■ tTK^ 


(5] 


Calculate ^ as a function of temperature from equation (3), substitute in equation (5) 
to get as a function of T, Energy balance for adiabatic condition: 


-X AHj^rejCpfT-To) 

= &3 - 1 , 0C = o . To = 350K 
Substitute : + 20.000X - (25 + 15) (T - 350) = T * 500X + 350 
or X = 0.002 (T - 350) 

Equations (3) - (4)- 

dx 2 . — ^tfwi__r d f i i 


■ = 25000 exp [-2405.6 f-L. 

i29S 


(1 -X) 2 
= 0,8667 

0.85X^ * 0.7366 a 0-7 

(a) Plug flow reactor design equation: 


298 350 + 500X 


Raw law: -r^ = k 


C A C B 


-r A = k CL f 2 


So V = 


AQ 


f- 

Jo kf 2 


Kc 


ti-x? 


dX 


V-F AO fi 


*A 


(2XJ 2 


Kc J 


[(i-xP- 


Kc. 


(0.1 ¥ 


f 


= f(X) dX 




xw, f 


f(X) dX where f(X) = 


kf a [(l-Xj»-4j£ 


( 6 ) 


(7) 


( 8 ) 


(9) 


( 10 ) 





















iu evaluate ttic integral, 
table beJowi 

we need to evaluate 

K 

TZK 

Se 


(eqn. 7 ) (eqn. 

0 

350 

7534.8 

0.1 

400 

3191.1 

0.2 

450 

1635.9 

0.3 

500 

958.5 

0.4 

550 

618.9 

0.5 

600 

429.9 

0,6 

650 

315.8 

0.7 

700 

192.8 


fc 

(cqn. U 
30,96 
626 .. 1 
6491.5 
4.216 x 10 4 
1.949 Jr H >5 
6,97 S x 1 Q 5 
2.054 x 10 s 
1-155 x ID’ 


fOQ 

(eqn. 9 ) 
0.0325 
2-58 x 10-7 

3.98 x 10 ^ 
9.89 x 10-5 
3 . 53 x ! 0-5 
1.70 X 10-5 
1,08 x 10-5 

4.98 x lO’fi 


— a iy 

tnapcziodalmle for S11116 tQr[hcftr5Csi *segmencsand 

,(X)dX 3 V [°-0323 ♦ 42.58 x IO- ! )t2|3.9Sx 10-*)*4().8» x to- 

*2(3.53* 10«)* <<1.70, 10-4* 1O8x10->]*!U[i, O 8)< I0 . 5 ^ , g 
I-Ux lO ' 3 


Vpftt - ( 1.2 x JO 5 ) (u X 10 ‘ 3 ) = iso L 
ft?) Ex-othennic,, adiabatic 











PS-15 coord 



1500L x 

l200 mQL 

min 


- 0.0125 


o -Xf- ^ - 80 

Kc {* k 


kzx+x 1 -^ = sm 

Kc f J k 

Lei b t = 1 - -I-and t >2 - 2 + -S^- 
Kc f*k 


111 ) 


X = 




± VbT- 


2 - 4b) 


2bj 


( 12 ) 


Nortadiabaiic energy balance: 

f&w - I A ) - XAHr = X 0, q*{T - To) 


■7 £ ^ 1 i-yj t 

X -1^7- X Jiff— X __ _ CT- 290) + 20000X = 40(T - 350} 


-10-^-x 2 

_n£K_ 

1200 n ^- IOO0W 60min lKW r hr 
min 

-T + 290 + 20.000X = 40T - 14 T GG0 

T = 34S.5 +487.3 X 


(13) 


So the procedure to calculate X is as follows: 

I. Choose increments in T and calculate X as a function of T from equation (13). This is 
the value given by energy balance. 

2_ Choose increments in T and calculate bl and b2 from equation (ll) r (Kc andk can be 
calculated from equation (3) and cl) jrespectively,) 

3. Calculate X n discarding X > 1 or X < 0 T This is the value of X given by material 
balance, 

4, Plot X vs, T given by equation (13) and (11) on the same graph. The intersection"gives 
the conversion in the reactor. A typical graph looks like ihe following: 


7- H5- 














P8-15 coDt*d 



Tlie actual calculation gives: X = 


0 which is the conversion in CSTft. 


d) The same equations can be used except that AH* = 20000 and T 0 = 550K, The 
following graph shows the equilibrium con version for this case. 


Conversion vs temperature 



100 150 

T Qfflperafurg 


200 


250 


The following POLYMATH program gives the PFR volume necessary to get a 
conversion of ,65. b 


ISCt^^sL 
d | k) Vd f, y-J n-ra./ J 
CflQ*13P0 
T*-50a**4-55t 
P4d» ,054 


Ir,lEifl.I yali^g 

a 


Ts^aso 

1C" .^S-flsep^i*_s* U/271-l/rf J 

J6c*2£S>Q0-* 3q? ^ a C.5_ £‘ U/253-I/TJ 3 
E'TO/T 


Cawcao*[L- k? *t 
cb^a D *ri-x:j*r 

tir *2 ' caci "X' £ 

r.| > -cb-rc- 2 / Etc > 




x 

£10 

T 

Te- 

k 

£ 


eg 


Initial v^lue 

HlJ-: ■ ^ If" '.'.illlK 


Fiju.J, va,l-j.t 

0 

i*+0* 

0 

Le *03 

II 

p.6435*6 

0 

3.3435*6 

12 DO 

12GC 

225P 

1200 

553 

5 SO 

225.227 

225.237 

If. 0 & 4 

0.034 

0.034 

0-034 

550 

550 

550 

S&D 

isa-eti? 

1 y 4i fi h7 

5.0S?35r-05 

S.p^HSe-iS 

1.0093**4-05 

1-O0?31t*03 

1041.40 

la41. -18 

1 

2 . 44I?fl 

1 

2-44101 

P . 034 

Ij.dti 

0.05J77JJ 

0.C54771J 

0.0 G4 

0.034 

G .0547713 

0 -dSfl-JTii 

0 

0.10JC3I 

0 

0-205031 


-l.£C2fl5e-n3 

-7 9 B . 17] 

-1.502B5e-07 


F- 



















PH-15 conCd 


Tj»e CSTR conversion can be found similarly to the equilibrium conversion. The 
fo llowing graph w a s made to find the conversion- __-— 

Conversion vs tern per alure 



The graph shows a conversion of .39 at a temperature of 351,8K 

e) If the reaction is left in a large enough volume it will “runaway* - If any of the 
quantities get bigger, then it will run away even faster. 

f) The ambient temperature around tire CSTR has little effect on die conversion in 
the CSTR, 

PS-16 

First, we must determine a relationship between the change in T and the change in X. 


Energy Balance: 
Mole Balance: 

Combine: 


dT _ UA(T, - T)+(- r A X~ *»» ) _ (~ f * X~ &H, ) 

dW FjC^+e^+XAAj F A JC p „ +Cp\ 


dX r A 
dW F Ad 
dT 

dW _ dT _ 
dX dX 
dW 

— = 1,000 

dX 


- AH. 


10,000 




2 + 5 + 2(1.5) 


1,000 


After determining this relationship, graph the data given in the problem statement as X £ 
vs. T. From this graph we can determine the number of reactors requited to achieve any 

exit conversion. 


v - *\1 





















PS* 16 (corn'd) 


Xe VS. T 



bc T k E lt w ( S 1 i d reqU!re 4 reacLOrs in se ries to achieve 55% (>50%) 

series SSd J° f conversi ™ wouJd “^ire large numbers of reactors in 

h d ^ 0fcOnCem L because wlch each W™ the change in pressure 
increases „ which can cause i nsiab] Ij ty. 


&di 

(a) 

G(T)=ah r X 

C ^ 2 >,C^€> a C, a + =20 + 30 = 50 


K = 


UA 8000 


C F 

^-ps 1 As 


■ (50X80) 


-2 


= 350 


T + tJA 'l. *T, + T. _ (2X30O)+45O 

Ua+ s»f*. - i +K ■= rrj—= 

*51 aVSrT?, T ’ , We J"? f. Gm = wt This can bn done either graphically 
J38 K e “ E *«‘- We find that for T. - 430 K, the steady-state tetnpeLre 2 


f- *fe 















































PS-17 (cont’d) 


First, we must plot G(T) and R(T) for many different TVs on the same plot- From this we 


generate data that we use lo plot T s vs. TV 


G(T)xs.Rn) 






(c) For high conversion the feed stream must be preheated to at least 390 K (117 Q- 
At this temperature, X = 0-98 and T = 380 K (107°C) in the CS fR. Any feed 
temperature above tills point will provide higher conversions, 

(d) For a temperature of 375 K, the conversion is 0.968. 

(e) The inlet extinction temperature is 375 K (102 D C). 


P8-t8 

a) P8-6 is adiabatic so the radial reactor bas no effect on it. 


b) 


dX -r A 
■ dW F m 
= kC A 


c -r l ~ XT ° , 

At> l + X T y 


dy _ -ct 
dW ~ 2y 


dT 

dW 

U = 


U{r) — {T A -T) + {-r A ){-AH. R ) 

P 


F C 



f- HI 










































PS-18 (corn’d) 


wff ^, d wt win a «}fine that [hey arc both equal to one. 

v'f t. will a^so assume that r varies as W* * varies 

so. 

dW K*c^ 


i)' 

'.J 


In Z. _ h 1 va lur- 

1 

0 

450 


P!ug-m E those into POLYMATH gets [he following graph 

' cguaiLo- 

d [y> /d i w! = - a ip / j ^ + y i 

dfKk/(2;wl=-r 

fi(T] /di¥?i ; r J- i^a-TJ ■+ i ■’raj -1 -Dhrl) J / \ t&o-zS) 
fao=5 
*lp-.QQ? 

Ta-JOD 
Shrl ■ - 2 d D-3 0 
vo=.ei 
Tto»45D 
*»3i-i00 
S fc a.4I3 

«®»3.22/e .CB2*4Sg> 

*1 -inaQ^ic 
y^LE>O0-y 


^"Ceo T (1 “3<.J ’ To/T 

^■"Z^fc'Cjfcg'To/T 

^iSOaO'ejqpj^ftrl/El- [1/2&I-I/T) ) 



cbt^a 

<ca-ci>-£c-3 /xe i 

y*siacifr 


T-b 
3ft* 1 

UC 


S 

SiO 


Ic 

Sb 


P.51 

1 

5 

;=[. 

5 

&.00T 

-23555 
t-31 
I5D 
3 _ J 5d 
E.413 
3.24?054 


^533 
0 1 

-V j-L35 T 


50 

£1.01 

e . nj l ■-■ 

50 

i 

0.BOOS 5 F 

0.3052G9 

i ■ 

0 

i m 

50^.1=7 

4 S3 

TT$,4?a 

5 

5 

5 

3 . &£- 

0.&OI 

O.pcn 

3 05 

303 

300 

-20335 

"2033D 

- 2 OOP 2 

0.&1 

0 . D1 

o.o: 

*53 

45 & 

45 P 

314 SC 

3-143 G 

31433 

-3 --III 

a • <U'J 

H . d : J 

0 24S355 

Q.24S«i 

G.SJSasj 

logs 

0 

1032 

130o 

HD5.2SS 

3J5 25? 

5 

3.53:3^9 

3.??L3jS 

3 . i 

£> Ml«2 

5 

0■114134 


o 

'533.55 

4024.]? 

i3lE-*5 

5 .1 

5.0JliiA2 

3 3 2i4?1 

’0.3-5*345 3 

-1.23340 

-:.35m3s€: 


^-■TO 















P8-t8 (COnt'd) 

(c) 



AI 


T* 

T 


W = pV - pxr^h == dW = 2itprhdr 
Matenal balance- j FAlt+-af * AW — 0 

F A l - F A lt*Ar + 2irprh tr A ) Ar = 0 
Taking the licnii as Ar —* 0 


= (r A ) 2i?prh 
dr 


dXj 


F A = F AO (l-X A )=^ = ^o i dr 


so: 


dX A -2srhp (r A ) 


dr 


Faq 


or __£l. 
dW Fao 

A$suminz pressure drop i$ negligible. The raie equation is. 

The scoichioraeffy: ^ ^ SC>s 

A + L B » C 
2 

5 = -0,5* yao - 0-11 ■*- £ = yAo5 - 0^55 ; 6c = 0 ; 6 b 

: Psa ' ps0 -TTFxT ; Po ‘° Psc 

^Jl-X-Pfp 1 0.91-0 -SXaI X A 1 
Then: | Ps£ MVo.055Xa ) (I-Xa/K^J 


CD 

( 2 ) 


= = 0,91 

(0,91 0-5Xa) 

** 1+eX a 

(3) 


f'3~) 













PS-IS (cont’d) 

Equation (3) is true for X A < 0.05 
for X A > 0.05 


- r A = left) (4.35) '0 22 I 0.91 -0.035 

[ 1-0.055(0.05) 

- = k(t) |o.S48 - £101225.1 

■ Kp j 


-0 .0025 ] 
l-0-G5)^_ 


Energy balance: 

f a0 ii&, Cp. + x <iCp) tJ, - f a0 fie t Cp t + ac p xj 

■*- r A dW IaHr) - (2) (aa} EJ ff) (T-TJ = 0 
or C* + X AC ? ) Tl r - F a0 f^Bj Cp, + dGp x) Tf f+ir 

nr) 1 

+ r A 2a:rhp (dH s J dr - (2J f23tr dr] E r (r) {T-T A ) = 0 
Taking ihe limit as dr 0; 


Fao {lOt Cp, + X dC p J £ = -Ufr) 47ET (T-T*) + |-r A ) (-dii R ) 2*rhp 
Rearranging: 

CD - ( T -"U) + f-r A j (-AHftJ 2?urho 

FjoliSiCf. *xac,( 

on M 

dW Fao (s&t Cp; + X dCp) 

AsiumethaL U(r)*U(r 0 j(-jL) w ; v .^ (I+eX) X 

Tiertf^; U{r) = U(r 0 )ff) I/2 [Xj I/2 _ 0 .QS5X A )i* 

Tiom example 8-10, we have: 


Hi- 


Kp - exp 


42 , 311 


RT 

Jc = ^v« f-n6,00S 


- 11.24 


(Kp in atm' w , T in°R) 


= exp I 


- 110.1 in T + 912.04 


AKkCD = -42,471 - (1.S63XT - 1260) +- {] .36 * 
- (2.459 x 10- 7 ) (I 3 ' pff ) where AH R 



in 


SHL 

]Lrmole 














( 10 ) 


PS-18 (corn'd) 

Cp, - 57,23 + 0,014T - 1.78S x J0' s 

Si "“ {1 > ” ‘ i0) k «*«f» u.™ pahs of coupled dilfcrenUI 

oiuadods. they must be solved oo a compeer, employ... numerical methods seel. „ 
Ri2nge-Kuci^, The results follow: 


m 




/ 


* ’i S ^ 12 S4 *4 « «4 =1 * ' 


371 


d) 


dr " 




C 2 ^ 

v *cy 




r-53 





























I’8-18 (coin'd) 


C c = 2 C,,*| 

H = Wr»*jT A - T) + K ) 






P) ug those into POLYM A TH ™ - , ■ > 

a fune Lion of radius. ° ^ ntralc IhlS 


Staph of temperature and conversion j 


(-raj ' (-shsrl >)/t fa,* f cpa . c 


Va=i.*bL» 

r 

* 

T 

Ta 

fata 

tpa 

h 

tD 

To 

£ 

R 

0 

is 


JSC 

3T1 

■20oao 
120-1 
£5 
45 
D 5 
0.5 

^oqod 

E.31 
a . L 
34 . J 
il. 0 L.Tj 


1000 

0 .T&Bejft 
3 Si .*35 
173 

-3 DOS 3 
12iC 
25 
45 
S .5 
0.5 
350 
TOO fit? 

B.3I 

0.1 

33.1 

225 . 0*1 


353 

3TJ 

- 2000 a 

1303 

2 $ 

IS, 

0.5 
fl.S 
JSo 
7 00 33 
S. J1 
a. 4 

0 . 7 * 3*25 

3 I- 357 S 


-20303 
1250 
25 
10 
0.5 
0. 5 
450 
70 300 
a. J1 
0 I 

a.Ti£ 3 "c: 

I2g 10n 


7-59 















PS-19 


The energy balance for a CSTR; 

- F„XA//„ (r). (T-T. -^ ) 

f»x=-'.v 

Cps is independent of temperature so: 

c,,(T-t q ) = c pS 


R(T)= F, a C pS +UAT t -VAT 

So taking the derivative of those U'ith respect to temperature we get. 
^UA 

ar 

dG(T) _ -A^ fa 4-rJ 


ar 

wherg 

4-g). 


[ rfia 


iiT 


r(~^) 


^ " j?r : ' . . . , 

Set (hose two equations equal to each other and then divide the energy balance / 
the resulting equation and the following is found. 



RT 

+ (Jjr _jJ> ,—^ and it will be a runaway reaction. 


UA vr ’ E 
90000g/min * 4J/g * lmin/60 s 

mJTs^nF*K*A~ 

6000+10200 >6566* A 
A < 2.5m 2 for it to be a runaway 


✓ „ 8.314* 358 J 

+ (358 - 2'73) > 


% - 5S 


















a) A^B 


Mole balance; V = ^P* - 


V Q n -f 


~ r A 


k K-C B /K r ] 


\±jkl(i~i)- I/K] 

*[l+1*(l + l/tf r )] isT * 

- ± 

H *(] + !/jrJ 

G(rj = (—A//^, Jx - 80000 * j 
k = I min ' t = 10 min. K r = 100 


x = 


10 


1 = .901 


b) k = 


1 + 10 ( 1 . 01 ) 

G(400)- 72080 cal/mol 

. UA 3000 


F r 

1 AO^ 


10*40 


(i+*0(r- r ( J = 4oo(r - rj 

r _r a +KT 310 + 9*310 
f ’TmT^^ThT =3i0 
X(T) - 400(7 - 3 JO) 

Tile following plot gives the steady state temperatures of 310, 377.5 and 418.5 K 












rg~20 tent'd 


4 IS '5 


£ MOW 


E 

n 300M 


377'S 


c) 31 UK and 41 S. 5 K are locally stable steady-state points, 

d) 

jR(418,5) = 400(418.5-310) = 43400 
0(418.5) = 43400 = 80000 * x 
43400 

x - -= .54 

80000 

e) This plot shows T, varied, 



57 














PS-2 0 con^d 



g 7 - 5-8 


































P&-20 cool'd 


f) This plot shows what happens if the heat exchanger quits. The upper steady-state 
temperature now becomes 431.5 K. 



g) No solution will be given. 


7 - 5 ^ 















8 ‘ 21 Civcn t “ in "" si “‘' ** 1*- 


Jacketed CSTR 


1-OeaJ/min, X 
T* = 100X 


^ A feCd: ; C, A . C pB -C 

S mole X ' C e “ C pb - Cp* = 0 

AHr .= -200 - cm 

Design equation■ v ^ Pao X 

r A 

RaieL™: -r A --fcC A 

Sioiehiomeny: C a = C A0 (j -X) 

v - = .—f A( > X _ y , 

A c ao (1 * X) k{] -X) 

Siiuplificanon or equation (l) with t^-V *; v „ 

X = - ty __E_ 9 

l+XK 14-J- 

TT 

^eqoarion for heat generation CufVc i$; 

Q* = FaO X (-dH R } = PaoI-AHr) 

1 + -L 

X s = Q» _ Q s 

Fao(-ah r ) (Ok 200 ) ~ Too 

Uc equation for he* remove ^ j* 

2 - F » <V» (T - r oK u*(T. TO , (o.5)t2) tT - T„, (,. 0 ) fr - 

Or - 2T-T ft . 100 

Hot (his along with die heat genera^n curve fix various T Tw* „ ^ 

™ Li This is shown in Figure P8- 


(I) 


( 2 ) 


(3) 


(4) 


?-*0 



PS-21 (cont'd) 



“—-Qg 

“ — — Td=1 SO 1 
-- To=160 

- - *To=i70; 

- -Tq=1BG 

—* Tot 190 
-To-200 

- * * To-210 I 


The intersection between Q s and Q R can be used 10 prepare the ignition - extinction curve 
shown an figure P8-22-2, The values for T s as a function of inlet temperature. Tq. ait 
tabulated below. 




Tt X m 

150 

157 

160 

170 

190 

202 

210 






m iro 

t,CX; 


iim 
132 


a) To obtain high conversion, the Factor must operate at or beyood point 14 in figure 
P-22-2, So the minimum inlet temperature for high conversion is Tq. > 202 ®C 


b) The temperature of the fluid in the reactor corresponding to temperature. in part 1 is 
T e > 199 D C (point 14 in figure P3-22-2), 


c) The inlet temperature of the fluid is To - 202 + S = 207 °C - This wifi be somewhere 
between points 14 and 15 in figure FS-22-2. Once the fluid is cooled from this 
temperature* it wifi follow the Line formed by points 15, 14. 12, 9 P etc,. How- 
To = 207 - 10 = 197 °C. From figure F3-22-2* T s = 195.5 °C From equation (5). 

/ 


















PE-21 (cont L d) 

0,-2* 196.5 -197 - 100 = 96eal/ min.. Now since at intersection point 


Q« Q g ., so Q s - 96 cal/mon From equation MY x = = d<v 

100 


^ ^ZT Saan ''«*"**«** »P*« 3 in figure P-22-2; 


tf - V <J wlucpnwiii be given 

PS-22 






-Xt_ 


'tK 


Ufk&rU 


Grn 




i +■ 


Prn = Cp A ([+Kj [T-T c ] 

T a + K T. 


^ C-AHr) - 30.000 X 


% 


U - 
1+K ' 


f.’. 1 " ' It ■' 


R(D 


T c = 300 +{5)f313> _ „ 

6 = jH 





- 3000 _ 

C10K401 


^ 3 -0O| c^p 


(«0)(lf 5)(T-3H) = 240[T - 311] 

(^PU—l 


U I 1373 ■ xl" 0 001 [i SjQSI - Xjj 

so.ooo, 


[ °0-°" P ( 8-31 fe ■ t)J " 1 00 CX P [ 9 .267 (^ - 1J 




|CfP 

*•; ■**!** 

'i 2 6 !! 1T(:1/373 -*<* 

9267 *a/350-i /rj> k 

*u 


Variable 

z 


Initial wl,.. Maximum v «n,„ 

0 7*“-^ fllta ' JCl valug final y.,' 



c 

300 

100 

7 .6s^63c-[]g 

£230.4? 

300 

313 

210,633 

7.^flT«Z*^aT 

-2fi00 

0.DG1501 


10 D 
500 
:oo 

217.560 


*250.49 

300 


313 

310.353 


0-63176s 
45400 


S0S41.4 


D I0O 

300 500 

10 O 

7 . 6 ^ 7fi3 e -05 217 . 9^3 

0.0355009 O.&35S0Bg 

300 
313 

310.S33 
0.0342912 
4S400 

2743.29 


3Q0 

313 

310.633 

7 - G07£2e-O7 

-2S&0 

0-0ei50; 


r- 6 c 2 























P8-22 (corn’d) 


4 ij ■‘Vil'tol*- Si-ain 



(b) Vary T, to determine the effect on the number of steady states: 

For T, > 367, there i s only one steady-state. 

For 300 < T, < 367, there are three. 

ForT a < 300. there are only two. 

(c) Vary T„ and record all T,V Use these data to generate a plot of T, vs. T„. From 
this graph determine the ignition and extinction temperatures. 



D 200 400 600 800 

T„ 


From this it is apparent that the extinction temperature is 235° F and the ignition 
temneratune is 562°F. 



Use the same POLYMATH program, but with this new equation for X, to produce 
lhc desired graphs. 


f- ^3 

















PS-22 (corn’d) 


Id) Multiple Steady state* K e = inf 
Eq uatio ns : 

, _ VartAble 

<i^3/d^z>=2 J - 

tau-lOO 

„ T 

lf«O.00l*axpfi8IJ5l'[ 1 / 373 -I/*); ^ 

ke=XD(}-axpf^ 267 .[l./ 3 S 5 -l/ T ) j k 


1^^300 
Ta=.3l3 

fTo+S-Ta) f$ 
t-ALL *kj ^ 1 ¥- catl ■ k) 
n?4D* (T-Tc> 
g*fl0Q0O*K 


D, 


E f = 20O 


ke 

To 

Tfl 

re 

X 

4: 

9 

f 


TniCiLal va 1 

PtaxSJTiuin Vri 1 

0 

200 

300 

700 

100 

,100 

7.637fi3e-0S 

5 . 5?775e*-06 

■93S0.49 

6250.49 

300 

300 

513 

313 

310.S33 

3L0.&33 

7.fi07S3 e -O7 

1 

-3 GOO 

93400 

Q-0S1501 

aoooo 

2GO0.OE 

50510.4 


Hx±l 3 mi tin vaiu& 

Pinal value 

0 

200 

300 

70-0 

100 

10 D 

7. fj S 7 -S 3 e -09 

6.5777 $ei-Qe 

0 - 000173039 

0.000170050 

300 

300 

313 

313 

310. 033 

310. 033 

7.Gg762<«~G7 

1 

-2G00 

93400 

0.061501 

90 OOP 

-13400 

-13*00 


:n ^-^ D t iai 3e *'« ^ 


CJ.- 3 DS 



Repeat pans (b) and (c) for this new situation: 

By varying T v the following data were obtained: 
For T, >367, there is I steady state. 

For 367 > !_ > 60, there are three steady states. 
For f, < 60, there is only one steady state. 

For rv = 367 and 60, there are two steady states. 
R> vary ing J s , the following graph was generated: 














PS-22 (coin’d) 


(d) T, vs. T, 



From this we can see that the extinction temperature is 235°F and the ignition 
temperature is 562T. Note that these are the same values as above. 


P8-23 

(a) 


Initial Calculations; 

For 1 inch schedule 40 pipe, D — 1.049 in = 0.0266 m 
V = nD'L = *(0.0266 m) 5 (10 m) - 0.0223 m 3 

p - mol/s 


Dividing this into 1000 tubes, F^ = 0.0287 mol/s 

To develop our Design Equation,, we must use die data given in Example 8-7. 


Mole Balance: 
Rate Law: 
Stoichiometry; 


dX 

dV r A0 


* r A — 


F* 

kC 

C Ao (l-X)T ft 


° A {1 + eX)T 
C Aft = ^-y Ae -57.276 yj , 




= - 


i’ll: ^Ao + fy.tj + ®Sf. 


e«.(l + *vj 



















PS-23 (corn'd) 




dX 

Energy Balance : — = -— 

■«V F„(C„+©, J C s , I +XiC r ) 

-4H„ - 80.770+ 6.8(T- T,)- 5,75 x 10- J (T ; -Ti)- 1.27X 10 ““(t’-T j) 


c = 4.19(6.50+ Q.001T) C pA = 26.63 + 0.183T + 45.S6 x JO^T 3 


pA 

AC = 6.8 -11.5 x 10 -i T- 3.SI x lQ^T 3 


Use these equations in POLYMATH. V<vy F n:d . while keeping F TlJ constant to generate a 
graph of X vs. 


X vg a 0^ with Constant Flow Rate 

0.020 


X 0.015 


0.030 



0 000 2 000 4 000 fi.000 8.000 

0X2 


ffift {aI Constant Flow Rate 
iglonsj! 

/d(V) 3 * i?a *<3elh/ (f ao* I cpa * the can■ cpn ■+ X*de 1 cp) > 

?Piifl^axpE-34223/TJ .-^ :7 ’V ^ ^ \ 

^.■6^0.iB3^+d5.^6e-£'T**i 
( -15^<&,5O+O.0Ol*T!- _ (2.r> 

6 -S-H . 5e-3*T-3 . aie-6*T !,f 2 f hK 

V& b -028€ 


In i t ia 1 va I -Jt 2 

1050 

0 


^ fn ^ 


tT-T“) -J.7S- IT*’2-Tr’‘*2) -1. 2*7 e-6 1 Cr’^J-Tr’ 1 


;osa 

Wi T r 

■ **’ (--X) *To/a-yaoTXJ ft 


\ 




vacta&la 

v 

T 

fc 

cpa 

dei^p 

In 

To 

Tr 

delh 

? so 

thfetin 

ya-u 

£&& 

fca 


Ir.iti.-Bl Value 

l-fAyirt.uu value 

Hi^-ianuri value 

rinal vnLun 

0 

0-0221 

G- 

0.0223 

1D5C 

1050 

1037.34 

1217.34 

0 

0. G217044 

D 

^ ,-32073-15 

5 1421$ 

1.7-117? 

3.85-947 

3.5S&47 

2*9.m 

26?.341 

295.513 

26E.015 

51-6345 

3i-;345 

11 5 B15 

51-5615 

-9.47552 

-3 :jmi 

-5.47552 

-3.22531 

0.02BE 

[>.5^3$ 

0-C2B& 

:.02E6 

1C 5 0 


LP30 

:;5i 

29S 

2?5 

2?E 

213 

'S.7443e-0fi 

- 5 . 392 4 5 * - p & 

-5.74i3&-C^ 

-5.892g3e-S& 

o. 

o. :ooi 

J-P1C: 

0.0&0L 

201 

2 S3 

2S6 

3E3 

3.J3*15c-07 

3 4?Gl5e-01 

3 ,J 9€I5t-G7 

J . 4&-S15*- 07 

2 ,0D746*-05 

1 S?24G*-0S 

2 . 0P74tc-P5 

2.3O246*-05 

I .00246e-Q5 

a. Mj4s*-is 

1, ?&473e* 05 

L.?S475e-05 


/- <W> 

















P8-23 (cont’d) 

(b) 

Use the same equations in POLYMATH, but this time vary F WJs while keeping F An 
constant, allowing die overall flow rate (F To ) to change. 


X vs. 0„, with Changing Flow Rate 





[hi Changing Flow Raii-e 

Equations; Initial yalue 

/d [Vi =-s:a*delh/ ^ f ag* 4 cpa + ch«*n*CFniOt*aeltp)) 1P$D 

d(XJ / d [ V ? =-ri/fao 0 

k=S . 2el4*txp(-M22a r?) 

£aa=Q.0287 

cpaTi2 6. e3 + 0.1&3*T+45.86e“6 T T" ,r 2 
cpn*d. 13M6.50+0.001-T) 
deIcp=G,S~ll, 5e-3*T-3 .Sle-g-T-*2 
£n=0.0114-4 
TO=1050 
Ti=2&0 

deih=-80T7Q+S . BM*-*rt-S-75* i, T**2-Tt:* t 2) -1 1 27e-{T**3-Tr* 


that an~f n / fan 

Var i aJzl <; 

Initial value? 

Maximum va 1 ij,h? 

Mi n izr.um va luc 

Final vdlue 

yaO=f ao / the tan / (fao+Z, J 

V 

0 

0.021:1 

0 

0.0223 

Ca&^57.27 G^yao 

T 

1C 50 

1050 

3*3.91? 

623.91? 

c4-cao T t, 1 “X) +Ho/ i| l*yao*X] /T 

X 

0 

o.ouisca 

& 

0.01345O: 

r^-x^ca 

k 

£.74279 

5,74179 

0 0009333"4 

0.000953£74 

V i± D V 

■0 - V f = 0.0223 

fao 

G.024I7 

0.02B7 

0.0237 

Q . 0267 

epa 

2-S3.34S 

2*3-341 

209,633 

209.633 


cpn 

31 .£J45 

11,0345 

30.7032 

30.7032 


delep 

-8-47552 

-5-3504* 

■9 47652 

-5.35015 



v -02&7 

0-0267 

■2 0257 

0.0297 


To 

lose 

10&0 

1050 

LG 50 


Tr 

293 

238 

293 

238 


delh 

-5.7441**06 

-3.1565,5**06 

—5.7441e-06 

-3.35£55e-0ti 



1 

L 

1 

1 


yao 

0.0270933- 

0.0273993 

0 027G993 

0.027G993 


cas- 

1.59796 

i .59796 

1 .59796 

: .55796 


ft 

1j59796 

1,99616 

1 .59796 

1.9961c 


r- F7 













mu 


No solution will be giver. 


PS-25 


a) A + B ——>C 


Liquid phase 


M_~r A 


dV 


r A -kC A Cz 


£=,01* exp 


i: 




[ R{T 300 jj 

c*=cJi-x)=c B 

Tlie energy balance is next. 

JT _ Ua(T: T -Th(~ r Jr Ml, ) 

dv ^Jcv + c J 




s _4 
* D 


assume 0 = 4 


w- 


u = ^(^^]^)= m20 J^ 

m -£s[4.l84iy jjO' dm~ | dm'Ks 



>t|/d r v) 

fc'foisc 


Plug those into POLYMATH to come up with these two graphs of conversion and 
temperature. 

initial valu e 
-ra/fao 0 

<U-aMTfl-T> * I -eB) * (-Ohrlt) / (faa* ^ epa+epbt) SOD 




|i*l«'«000 



^01*efcp{_ E/R . a/T-l/30(?] ) 


I ■ 0, 


t = 1300 


Variable 

Initial 

vdL 1 Lie Hajfi-Sdtfi value 

Miri Immn va 1 u i-- 

Pi nil vj.lu 

V 

■D 

1000 

0 

1000 

X 

0 

0'-?«lS2 

0 

0 5 ij 2 15 2 

T 

jUD 


3 DO 

34 6.131 

U 

0.312 

0.012 

0.012 

0.012 

n 

1 

1 

1 

1 

Tffl 

300 

>00 

300 

300 

rSirl 

-3000 

-■5000 

-s-ooo 

-Good 

£&*> 

<3 .2 

0,2 

0.2 

0-2 

CT^i 

15 

15 

15 

15 


15 

l£ 

15 

IE 

E 

l-DOOO 

100 DO 

10 003 

10030 

E 

L.sai 

1.997 

X-W 

1 537 


O.l 

D.l 

0.1 

0-1 

ca 

o.i 

0.1 

0.-103-734G2 

0.Q057EJ-92 

cb 

0.1 

0. 1 

O.O0r.'5'3 52 

0,003732 

k 

0.31 

1.3131G 

0.01 

O.UlS 






















P8-2S tout’d 




■-r 
:■«£ — \ 


—I 

_i 


1 

:-fC£ -r 


b) 


Gas-phase reaction 
A->5 + C 


The design equation for a PBR is then: 

~ r * 

dw 


-r. =kC 


C,= 


_ c M (i-x) r a 

] + X T 


it =. 133 * ext 


/If 

'_L 

1 V 

1*1 

^450 

~ T )) 


C An = ^-~- 


10 


- = .27 


mol 


' M RT (0.082X450) dm 3 
Then the energy balance: 


dT Vafo-Thi-rJrAH,) 
dW 


f *r 

r A0 '“/* 


AH, = -40 - 50+ 70 = -20kJ l mol 


V- 5 


Plug those into POLYMATH gives the following graphs: 




J l 




“K 5. uoi ;. ^ ;, gr.r. t. SBC- 




«nr! 






















PS-25 conl ? d 


a-asb 


Z-2Sh 

Eguations: 

d(x3 /d(w> =-ra/f^o 

^(T3 /d (w) = t^*a- {Ta-TJ - ( -ral ■ ^ -Dhr) ) y U&o'cpa) 

1*1 

T*«450 
Etur=-20Q0Q 
fi*=5.4 
4pa-40 
E*31400 
B-8.3144 
m&=-27 
*o=45Q 

M= (cao* U-X) T To) / *1 (l+*> T T) 
k*.133'exp(E/R' (1/4S0-1/T) > 

EV*-fc'*CB! 

¥ 0 0j w £ e soaa 


■*njL_"ial val ^g 

0 

4 SO 


Variable 

Initial value 

Hflicis.'uw value 

Miniwum Finn', value 

w 

0 

2000 

0 

20-00 

DC 

0 

0-.999524 

3 

$.999*24 

T 

450 

555.963 

G50 

4S-0.006 

y 

5 

5 

5 

5 

A 

1 

1 

1 

1 

Tft 

450 

410 

453 

4 5 S' 

Dhr 

-20000 

-50000 

-2DD00 

-20000 

tAC- 

5.4 

5-4 

5.4 

5.4 

OS 

43 

40 

40 

40 

E 

11430 

llflOO 

11400 

31400 

R 

9.1144 

3.3144 

£.3144 

9.1144 

ei£i 

0--27 

0,27 

S .27 

0.27 

Te 

450 

■450 

41-0 

450 

Ci 

0-27 

D . 27 

1,022*4*-*5 

1 r 02394c-05 

k 

0-113 

2.0221 

0. Ill 

0.131016 

sea 

-£■.01591 

-1.162e-06 

-0.J93202 

-1.162 c -0 fi 


! > 


c) Gas-phase 
i4 + 5^C 

Use the design equation: 

dX_ = z J± 
dV F. n 


C„=C A0 (l-*)|. 

c t = cj}-xjk 


C c = 2V| 


A- = .035 * exp 


"*[/? ^273 

AT r = 25000* expj J,-i j 

K ^ 298 7 ) 

580.5 


c, = 4* 


J?7 (8.309X350) 

C.=.5*.2=.l 


= .2 


/•- 70 
















PS-25 tout’d 


Then use the energy balance: 

dT UalT-T^+i-rJ-AH,) 
dV 

= -90 + 40+ 30 = -20 

Plug those into POLYMATH and get the following graphs. 




Equationsi 

d [jcl /d (vj =-ra/ Eao 

d (T> /d (v) a -(0*** tTa-TJ * (J * (-Dhrl 

U=-E 

a-1 

Ta=3SU 

Dhr 1 e - 20 0 00 

fao^2G 

cpa=^B 

Cpb=l5 

OCP--Q 

E=7DQ£MJ 

R=B.3144 

catJH . 1 

Ta^3 5Q 

k=.035*exP<E/R*[I/273-1/T)J 
(I-xJ ’'To / T 
c c 3 2 * d-ao To /T 

K-zso&o^Axpictari/R^a/sss-i/T) J 
cb=ca 

ra=-k*(ca^cb-oc^Z/K) 


Initial value 


0, 


50 


. n ■■' L f do ^ 

Variable 

(cEw+Opb+Dcp^) 

Ini" ifi.1 value 

3B0 

K-vdtirxr, valiae 

Kli^iaiuin value 

final ValW 

‘M 

V 

a 

50 

0 

50 

$ 'jjp 

X 

c 

0 . 090*45 

0 

0.0-90645 


T 

350 

712.041 

3S0 

GE2.116 


U 

5 

5 

5 

5 


B 

I 

1 

1 

1 


'fa 

350 

350 

3-SO 

35* 


Dfhrl 

-20DOS 

-20000 

-200*0 

-200DC 

£g 

f 40 

20 

20 

20 

20 


Cf>4 

25 

25 

25 

25 


rrpb 

15 

15 

15 

15 


Dcp 

0 

0 

0 

0 


E 

70 DOC 

7*0o0 

7OOO0 

7*000 


R 

3. 3104 

5.3114 

ft. 3144 

9.3144 


cac 

*.L 

0.1 

C.l 

0.1 


T* 

350 

350 

0S0 

350 

•■■I 

k 

30.9456 

1.5402la+07 

30,945* 

3-7762G+PS 

C4 

0 I 

G.I 

0.00561103 

*.005511*B 


CO 

0 

*.Q&13S97 

0 

*.0913997 


P 

7535.33 

7535.33 

165 56S 

265.35T 


cb 

0, I 

■3.1 

0.0*5611*3 

0.0056110? 


fa 

vl03458 

-0.00926109 

-1059.19 

-0.009231*9 




■sssoc?— 


7 ' 

*»» H 

















PB-26 


The results of the computer program arc presented below: 


Tah Li 1 arion. of Re su3 ts 



T & = 1360 



To = 1370 


2L 

I 

2. 

1 

I 

Z 

0.050 

! 386.4 

219.6 

0.050 

L396.3 

99.4 

0.100 

1413.7 

252.S 

O.Z0O 

1422.6 

114,9 

0.150 

1433.3 

:59j 

0,550 

1448,9 

It 7-9 

0.200 

1465 J 

260^4 

0.200 

1 4 75.0 

na.5 

0.250 

1491.3 

260.6 

0.250 

1501. 2 

na.7 

0.300 

1517.3 

260-6 

0.500 

1527,2 

tt8.7 

0.350 

]54j L j 

260.6 

0.350 

L553.2 

118.7 

0.400 

1569.: 

260,6 

0.400 

1579.1 

51S.7 

0.450 

1595.1 

260-6 

0.450 

1605-0 

isa.7 

0.500 

1620,9 

Z60,6 

0.500 

L630.S 

] ES_7 

0.525 

1633,8 

260.6 

0.J24 

[643.2 

HE.7 

0.533 

1637.9 

260,6 





-i y-“t a ■' A!_ t Z i ■‘£t£hT 
Z *-ttlzZT =L 
: 7-Ts?-*saiT;;Si 


iC-CaCS3 EI^TI C^-iL i-P.Z*. 
AXf-VlCtF.' a:x^-jOw fl-A7E 
T = CC^ZT^r 


' SL - c C.^V E ^ 3-L DI-IKtas-:n7 K CC?IV£R J s .gH 

7 rn£ reacts R-o-ayL* :l^s.tt 

7 ? A D ■ £ S T £ ?.' sp ^ C.J ?UT£ a. : i 


C R r a = :-PRi^7^^ F3EIJUtSiY 
?“£q 

:c F^artiT -'-STtP. VhLUEI Ci? 7[J L J JiTi „ Zl , ?.wiQ.£Z . F-RiQ S^ftATEfl 




:qrtrtA$■/ 


i 1 * ■ / ■ : 3 ? p,,, ao jo4 ,.: ji« r i r ,. go i,: 5 .' ? 

: 7ae rc, ; ao. it, -smc. c*, 3 fr^ 

IJ f u RTl ST L P" 10 o ■■ I 5 j 

*HlTl Ja.JSJ 

}0 FCRHiir t ■ r 9JL. B T<T .lij, It _ ' M I. RH-T r H-^ . B tJC VI 

-=Rl TE, i*.40l TO - : AQ. 1C. *H£U It 

l,Q r PFIflAT ! jl , 5 7 f $ . H "y j 
**iti Li .50] 

;s jchhatek.* *». ica*-7' r sj;* T 'Anr + !2 i. f «e j k !jx. 'a 1 , itx. F u + , ui, 1 .:*/ 
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M T3 as 
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PS-26 (corn'd) 


T 0 = 1375 


X 

I 

Z 

0.050 

KOI-3 

67,1 S 

0.100 

1477,6 

77.79 

0.150 

1433,9 

79.92 

0.200 

14 30.0 

fi0.34 

0.250 

1506.1 

E0.42 

0.300 

1532.2 

E0.44 

0.350 

J 558.2 

E0.4S 

0.400 

15^4, i 

80,45 

0.450 

1609.9 

80.45 

0.500 

163 5.3 

E0.45 

0.520 

1646,1 

80,45 


Tq St [390 


£ 

X 

£ 

0.050 

1416.3 

2 LOS 

0.100 

1442.6 

24,56 

0 150 

1468.8 

25-29 

0.200 

1494 3 

25.43 

0.250 

1521.0 

25,46 

0-300 

1547.1 

25.47 

0.350 

i mo 

25.47 

0,400 

159S.9 

25-47 

0-450 

1624.1 

25-47 

0.500 

5650.6 

25.47 

0.506 

1653.7 

25.47 


Tq = 13SO 


X 

X 

z 

0-050 

1406.3 

45,49 

0.100 

L 432.6 

52,E2 

0.150 

1458.9 

54.3! 

0-200 

14&5.0 

54,60 

0.250 

1511.1 

54.66 

0.300 

1537, \ 

54.68 

0.350 

1563. E 

54.63 

0.400 

15S9.Q 

54,63 

0.450 

1614.9 

54,63 

0.500 

1640.7 

54,63 

0.515 

164E.4 

54,68 

To =1400 



X 

I 

Z 

0.050 

1426.3 

9.8 

0.100 

1452.6 

11,5 

0,150 

1476 .8 

11,9 

0.200 

1504.9 

12.0 

0.250 

1530.9 

12.0 

0.300 

1557,0 

12.0 

0.350 

1533.0 

12.0 

0.400 

160B.9 

12-0 

0.450 

1634.7 

12.0 

0-497 

1659.0 

E2.0 


x 





L *■ 1360 




■- 

* UTS 
- !3&0 

* 1390 
1400 



1360 

1170 

1375 

I3fl0 

090 

1400 


150 

lit X) 
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PS-26 (corn'd) 

Comments: - X and T increase with Z 

- Exothermic 

■ Reacaon front increases for decreasing 

From data 


Reaction front fffr 


X (final! 

37834,60 

1300 

0.589 

260.60 

1360 

0.533 

118.70 

1370 

0.524 

80.45 

1375 

0.520 

54.68 

1380 

0.515 

25.47 

1390 

0.506 

12.00 

1400 

0.497 

5.72 

1410 

0.488 

2,75 

1420 

0.479 

2.62 x 10 

1600 

0.324 


To obtain best To, we would have to examine conversion, reaction front and catalyst 
wetgnE, then weigh these factors to find the one where all is satisfied to a good extent 


Because the reaction is exothermic, the final equilibrium conversion will 
decrease in tempenraut So long as X ? , the final conversion for a reactor with W - 
10001b. is much less than X = , the equilibrium conversion aL the outlet, an increase in T 0 
should increase X F at the point when; X F = X c , however, any increase in temperature 
should decrease X F . It appears, therefore, that a unique maximum conversion for X F with 

respect to T exist and may be found by starting with a low value of To and increase To until 
Xp no longer increases. 

Fust, an additional exist statement to the program should be added so that 

computation ceases when W > 1000 lb. Proposed modifications to the program are shown 
below, 


?- 7i 





FS-27 {corn’d} 



In this scheme. To is increased as long as Xp is increased, The maximum value of Xp is 
set at if Xf is greater than the previously calculated value of Xp. Once X^t > Xp, 

To is incremented to a value below the current optimum point, AT is decreased and 
and X,^ axe reset. The process continues with To jumping past the previously calculated 
unti] AT is decremented below some tolerance 5 . This process is illustrated below 
with the points numbered in sequential order. Note that part 5 and S are one and the same 
sequences of calculations of proposed program. 


i 
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mas 


Mole balances: 


y- F «~Fa 


V = —4 = 


rate Jaws: 


-*i =K C a 

r B ™ ^1 ~~ ^2 Cg 
r c = 


Stoichiometry: 


v fl r 0 
^ = 10/v 

5= ™z£l 

0.5 

F ^.025 
1 IF C = .025 

F c = .023 F a = .023 


From this wc can use two of the mole balances to solve for T 


^zh F ' 


1 0,1 


AS* ,Kt v" 1 '" 

T=269°F 

Knowing the temperature we can then solve for the Volume: 

V = -™ = 11 .9 ft 1 

W-IF, T P 

We then need the energy balance; 

UMT, -T) - F„C,{7 - 3J) + Xl J+fa.)] - 0 


?- 7 <o 



P8-28 comt’d 

Solve for A and we get: 

A ss 399 ft 2 

d) In order lo get multiple steady-states, the kappa, tan and feed temperature had to 
be changed, k = 0. l x t = 0.0005 and T 0 would be changed around. 

This first graph is G(T), R(T) vs T at T 0 - 2000 °F 



The next graph is of T, vs. T n . 

Ts vs To 


1200 "I 


1000 J 

♦ ♦ ^ 1 

boo - 

' 0 

"600 - 

*:. 

400 

»* ♦ 

200 - 

o ■ 



0 5000 10000 

To 
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PS-29 



Mole Balances: 


dF A 

Et-r, 

dP, : - 

dW r * 

dw 

dW 


Rale laws: 


r A ii A +rjj 


Stoichiometry: 




r c — ^ r iA 

“^A = k J C A 

I\ T n 


F, T 


C =c 

W -T 


F,X 


F T T 


Energy Balance: 

JT Ua(T, - r)4 (- r„ X- Aff «a )+ (~ ^ X- ) + (~ f » X" ) 

dW F A C tA + F t C rC + F f £ r e 

dT _ 16(500-r)+1800(-Q-I800(- r M )+1100(-r 3x ) 

(W" 100 (F„+F,+F C ) 

Evaluate the parameters. 

it, =0.5exp[2(l -320/ 7)] 



Jfcj - 0.005expf4,6(1 — 460/ T)j 
K e = l0exp[4.8(430/7 -1.5)] 

Plug those into POLYMATH and the following program is created. 

Fgua iiorjs : 

J I Si) Vd ! w I = 1ft 
4lia| J dlwl =?* 

4^:c:- =Ke 

■3 | Ti yd w -1 Ca - < Ta-T1 - | - ria) * I - Otirla I - L - r3bi * tBturLa I - I - Sfl* I 1 I 
■ lihxj--il W L:**cpa-Sb'c£>&+ Cc'cpc! 

Titian 
Kl'la--1300 
51-3 HOC 

C pb=lCP 

CjM«lCiO 

ia=.£'c 3 cprz'[i‘i 2 ts. r T)] 


lair i al_v*lu * 


1 

1 

0 

330 


7-17 






PS^li coat’d 


*3 = . 3 05 " [<.6-(l-|4Sa/TH| 

C £=2 
It =2 
T&*3J3 

Ec= 10 "^>^[ 4 . K* [ 4 HJ/T- 1 .S'] 3 
k 2 -kl/Ke 

cat-Gt'E a/ Et-to/T 

cti*=c £b/ £ t -td/t 

Il4--kl’.ra 

r3a=-h3’ci 

TC*‘3f3.a 

ri?*-rls*r 2 b 
ra * - r la J a 

W f C °' "f =. LOO 


V-ar 2 ab 1 1 ? 

rhitiai va 11 i+j 

XiKitDiim ualvse 

Hin.infrjr. value 

Firibl vali * 

V 

3 

10O 

0 

130 

fb 

1 

1.1706b 

0-4-9255 

3.4B26$ 

fa 

1 

L.23955 

0.£27195 

1.04 03-$ 

S<? 

0 

0.47E925 

0 

0.476929 


330 

503.399 

333 

530.099 

Ua 

16 

Ifi 

IE 

16 

Ta 

50-3 

S0O 

500 

130 

OhrL a. 

-iso* 

-1500 

-IB00 

-ISOO 

□hrJa 

-1100 

-1100 

-LLO0 

-1130 

cpa 

10 0 

103 

203 

*00 

^rpb 

100 

too 

100 

130 

cp<f 

1Q0 

loo 

130 

100 

XI 

0,5*124 

L. 027-47 

0-53124 

1.-02747 

kl 

O-0033L5527 

0,00723319 

0.00 j 816537 

Q.00723019 

C EL 

S 

Z 

2 

2 

ft 

2 

z 

2 

2 

To 

*33 

320 

320 

33D 

Kc 

3.as&oa 

2-G6&3J 

3-,-362911 

3.462911 

k2 

0-1W4 

2,21959 

3. L3E74 

2-31953 

■Ga 

1 

1 

0.566569 

0-63632 

cb 

1 

1.25646 

0.319*13 

0.31-5513 

rla 

-0-53124 

-3-36E779 

-3.-934634 

-0.735332 


-3.033816537 

-0.300755921 

-0..0056S343 

-0.00436367 

rc 

0.0303165*7 

0-00*65343 

3 3037S5951 

0.00455357 

r2b 

-0.13G74 

-0.15674 

-D.B30944 

-0.705963 

rb 

0.394^ 

0.1945 

-S.C5g.3793 

-0 00150-3 


-0-155316 

0.0573191 

-3.295316 

-0.03237637 


a) As seen in the above table, the lowest concentration of 
o^xylenc (A) = ,57mol/dm 3 

b) The maximum concentration of m-xyiene (B) = 1 16 mol/dm 3 

c) The maximum concentration of o-xykne = 1 mol/dm 3 

d) The same equations are used except tiiat F ao = 0, Ihe following table is 
generated, 

r- 7? 
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Vanab-g 

w 

Jfl. 

fb 

fc 

T 

Ui 

Ta 

Mill* 

Dh-3 A 

-F* 

epb 

C P^ 

kl 

U 

ft 

Tc- 

*c 

kZ 

C3 

■7b 

ria 

r3a 

r3b 

rb 

rft 


3 

2 

0 

0 

3-3 0 
16 
500 
-1000 
-110? 

100 

loo 

100 

0-53124 
0.00051653? 
2 
2 

330 

3.30503 
0.I76?4 
3 
0 

-4,05245 

-0.00x0:30? 

0-00153307 

-0 

1-05240 
-1 . 06-fllL 


1 1: >fix 1 mi mi va' 

i — i Hi imi.ijY: va 1 


0 

■ 

5,745157 

1.24923 

0 

" *51077 

■5 

540.102 

330 

m 4 

15 

5-30 

too 

-1300 

-1050 

-1100 

-;ioo 

10 o 

100 

100 

100 

4&0 

tGO 

1. Z2~}43 

0..53124 

0.00723042 

0 ■ 00 001G Si 7 

2 

2 

2 

2 

130 

330 

s.essoi 

--^2393 

2.21?fl9 

0.22674 

2 

0.G427&J 

1.00752 

0 

-0.440729 

-1.06203 

'0-00115465 

-0.005653^ 

3.:C£553^5 

0 ■ o 01 1 b4 b 0 

-3 

-0.33^5^1 

1.06243 

-0-0^955^6 

0.04?gB47 

-1.06421 


^ r:- d : 


430 

3.C5?;5 
: -4B1315 
0.-SS147T 
500,102 
It 

500 

-1300 

-1100 

LOO 

100 

LOO 

1.02745 

0,00721!; 42 
2 
2 

2 3a 

•$ - «2a&6 

2.21:563 
0-£B*47 
0.317551 
T 0.703232 
-0.0043^30; 
C.00*30301 
-0.704364 
'0.00153312 
“0.00315^9 


||u^ | 

rv:. 

M 

•p»y 


B? 1 ■ 

Mw). .. 

Ttefl: 


°fm- xy ]7ne=17ST2! 4mot/dm ^highest concent, 
moJ/dm 3 . moj/am . The maxtmum concentration of o-xy]enc = 2 

e) 

formed. increasing tlu- heat of; 




a+^b+c 


By' 



A-^d+E 

^"*"C —j F ■+ G 

wart the exiting flo„ ratK of B D ^ r 


r- ?o 








PS -3 0 ocmfd 


Start with mole balances in PFR: 


df A dR 

dVdv 

a=* <&.„ 

dV E dV F 

dF c 

dV rc 
dF c 

dv =,fc 

±%L = r D 
dV D 

Rate laws: 


r A =-r lS -r 2B“ t 3T 

r B “ r lS 


r c = r 15 -rj T 

Sft 

II 

& 



r E - r 2 B r F = r 3T 

r F - r 3T 


r is - P(l- *)exp(^D.08539 - j(V A j 

r 2B = P(1 - +)e*p( 13.2392 - jp A 




r 3T 

Stoichio; 


= p{l-<t>)exp|a 




metzy: 

P A=^Pt 0 


P B “J^ P T0 


p cfp K 

Pr = Pa + Fb+F C +Fd+%+ tv+F C +F, 

Fj = steamratio * ,00344 
Energy balance: 

^ =_ Zki* +r„* 611^ ) _ 

dV F A *299 + F t *273 + F c *20 + F o *20] + F E *90+ F r * 249 + P v *6&+F,*& 

Evaluate the parameters: 

AH R1A = 118,000 

AH R2a = 105,200 

&H R3 a = -33,900 
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a) Now plugging into POLYMATH with a initial temperature of 800 K 
we get the following program and answer. 

F b = 0.000898 kmol/s F D = 1.07*10 s kmol/s F f = 3.59*1 Q ,s kmol/s 


/div) taj:* 


Initial value 

ft.-00344 


d[fb)/d(v) =zh Q 

d{fcMdW)^ 0 

d{ £d j /d [ v) ^rd q 

if*) q 

a<Jf£>/d<v)=rf 0 

S(fj) M(v) =r^j 

dSTJ /d (v) «- {rla*Hla + r2b*H3flt*r3t*H3fl] / {fa*293+£b*273+£t*3& 800 

+fd*201+£**&o+ffi*40J 

a —usqoo 
■2**103300 
H3s--53300 
C-S11T 

Sl“«p{-17,34-1.302e4/T+S , 0£l*ln (T> + < {-2.314e-10*T*l. 305* 

*T—4_S31*-3J*TI 

«*14-S 

00344 

lt»fa+£b+ ft+Ed* fe+ff+ f i 

§j^£W£t*3.4 

tl-phi) *exp £U.2352 -250o0/T> 

****** 

*W*b 

U-phi] *exp (. 23S1-I1000/T3 *P**Fc 

tt*r3fc 

( ! _ phl J {-,0853s -1032 5 /T) * lPa-Fb * Pc /El) 

^ii 

***tX*-r3t 


^'TU-ir2b-r3t 





?-F2 






PS-30 tout'd 


8-3 0 

Vari*bl e 

Initial value 

ft-w-r ■! Thi etti value 

KiniifliiJii value 

Pinal vaXu* 

v 

0 

10 

0 

ig 

fa 

0.00344 

0.00344 

0.00249597 

0,00249597 

fb 

9 

0.000897375 

0 

0.000097375 

fc 

Cl 

0-000861490 

0 

D.000361498 

fd 

0 

1,077*06“05 

0 

1.077S5e-Q5 

fe 

0 

1.077B5*-05 

0 

1,077056-05 

it 

0 

3-507720-05 

0 

3.50772e-OS 

Eg 

0 

3-53772e-Q5 

0 

3-53772e-D3 

T 

300 

BOO 

765.237 

765-237 

Ilia 

113000 

11BOOO 

LJ. 0000 

neoaa 

B2* 

105300 

105200 

105200 

100200 


-53900 

-53900 

-53900 

-53900 

p 

2137 

2137 

2L37 

2137 

phi 

0.4 

0.4 

0-4 

0.4 

Kl 

□.0450123 

0.0459133 

0,0196554 

0,0196554 

str 

14.5 

14.5 

14.5 

14.5 

ti 

0.04033 

0.04900 

0.04938 

0.04900 

ft 

0.05332 

0.05 422 02 

0.05332 

O.0042232 

Pa 

0.154633 

0.1548.39 

0.110405 

□.110465 

Pb 

0 

P,0397155 

0 

0,0337155 

Pc 

0 

0,0301277 

0 

0,0301277 

r2b 

2.-991I9C--03 

2,99113*^06 

5.16009e-07 

5,160O9e-D7 

rd 

2.99139e-Q6 

2,99119*-06 

5.160096-07 

5,16009*"07 

r* 

2.931136-06 

2 .99il9*-06 

5,16O03e-O7 

5-lG009*-07 

x3t 

0 

4-19563e-0fi 

0 

4 - 1.513 9e-D6 

rf 

0 

4.13S63e-O0 

a 

4. 15139®- OG 

rg 

0 

H .19553*-05 

0 

4.15139*^00 

rls 

0.000213755 

0. 000213755 

2.4013le-O5 

:2.4&131*-05 

rb 

0-00021:3755 

0,000213755 

2,481314-05 

2 .4813 L*-05 

rc 

0.000213755 

0.000213755 

7.06617e-05 

2,0§fil7e-05 

*a 

-0.000216746 

-2.940O5*-D5 

-0.000216746 

-2.943O5c-05 


?- <33 








tent'd 

b) T d = 930 K 

Fa = 0 00194 kmoJ/s 

0-30 


V ariable! 

v 


F ° - 0.000217 kmol/s F f - 0.000204 kmol/s 


fi 

tb 

£c 

fd 

f* 

£f 

£51 

T 

til a 
IO,i 

P 

pM 

fci 

ES-.r 

fi 

ft 

S-a 

ft 

It 

r^b., 

rd 

Jr® 

tit 

tf 

r-gf 

rla 

rb 

re 

ra 


Initial valnM 

0 

O-0O344 


0 

0 

0 

0 

0 

930 

Ufl0O0 

105200 

-53900 

3137 

0-4 

0,G3043B 
14.5 
0.04988 
0.05332 
0.15 4i 83 9 
0 
0 

0 -00023602B 
&-00O236-Q2S 
'0,000230028 
0 
0 
0 

O.-00144138 
0-0014419a 
0.OQ14419B 

~O.00ie70 


£) T o = HOOK 
“ 0,00165 kmol/s 

B-30 


10 

0 -O0344 
0.00133493 
0.0017 4 035 
0.00021S302 

0-0002163^2 

0,0002033H7 

0-DQ02O33S7 

930 

13 .ROOD 

105200 

-53900 

2137 

0.4 

0,630438 
14.5 
0.04708 
0.0554713 
0,154039 
0.08371*2 
0-0753373 
0,00023602a 
0 -000236033 
0 ,0OO236025 
3-10453*~QS 
3-10d$3e-O5 
3.10453*-05 
0-OOUJ198 
0-00144195 
0-001^4193 

-2,62335e-05 


£b 

ft 

fe 

fd 

f* 

ff 


0 

0 . 00344 

0 

0 

0 

0 

0 

0 


10 

0-00344 

0 r 00174939 

0-00164874 

0.00160673 

0,00160673 

0.00012747 

0-00012747 


MinijBtim Vilue Firti,! 

0 

10 

0 .00108529 

0.0 01 □ 0 5 2 9 

0 

0,00193494 

0 

O.O0173155 

! 0 

0-0O0210382 

0 

0.000216302 

0 

0,000203387 

0 

0.0002033B7 

&5<L 3 S3 

350,383 

118000 

110000 

105200 

105200 

-“53900 

-53900 

2137 

2137 

0i 4 

0.4 

0-U914 

0-13914 

14-5 

14. S 

0-D496S 

0,04988 

0.05332 

0.0554713 

O-04695S9 

0 .0^9559 

0 

0 -0837162 

0 

0-0749166 

5.777S96-06 

3,77759 *-06 

5.?7759*~Qg 

5-7?759e-06 

5-77759c-06 

S.7775$*-06 

0 

1--SS241C-05 

0 

3.462416-05 

0 

1.46241^-OS 

5-S3176s-06 

E.£3175q-0^ 

5,fi3l76e-0fi 

5.a3l70*-O5 

- 0 -73236 ®-06 

-i.75236e-06 

-0.O0167S 

-2.62335*-05 

^ol/s F f = 0.000127 kmol/s 

Vd 1 u* 

Fin® 1 v.i 1 ijt; 

0 

10 

5.l50D6*-05 

S-1500Ge- 05 . 

0 

0,00165*3 

0 

0-00152682 

0 

0-00180673 

0 

0.00160673 

0 

O.00012747 

0 

0-00012747 


F- 64 












P$-30 tout'd^ 

HI* 

ti2a 

B3* 

P 

phi 

Z1 

ar 


1100 

1100 

11*000 

118000 

105200 

10-5200 

-53900 

-53900 

1137 

2137 

0,4 

0*4 

7,60635 

7.63635 

11,5 

14-5 


&S0-4S3 

9S1.412 

3.10000 

113000 

1Q5200 

1O520Q 

-53900 

-53900 

1137 

2137 

0-4 

0.4 

1,44002 

1.47069 

14,5 

14,5 


fi 

ft 

Pa 

9b 

fc 

r2b,- 

rd 

re 

r3t 

rf 

£ g 

ris 

Tb 

rC 


□.04908 

0.05332 

0.15483-9 

0 

0 

□.015039 

O.O1503& 

0,015039 

D 

0 

0 

o.oofiesssc 
0.00385966 
0.0080596£ 
-0.0230936 


0.04338 
0.Q56583a 
0.15*839 
0,0142133 
0.0699522 

□.015033 
0.Q15D39 
0.015Q39 
0 .O0O115QO9 
0.000115069 
0 .O00HS009 
0,□0885966 
0,00385986 
Q,00805968 
-1.3151h:-06 


0.0*906 
&.0*332 
0.00210451 
0 
D 

1.3615C-05 
1.3#l5v-dS 
1.3615c-05 
0 
D 
0 

-1.63641C-0S 

-l.G3fl4J.e-W 

-2,013,00^05 

-0-0231986 


0.04960 
0,0 5653V 
0,00210451 
□.0701703 
0,0647634 
1,1615*-05 
i.36l5a-05 
1.3fll5*-flS 
3.3 07 We-06 
3,30759e-06 
3,3Q7S9*-0« 

-1.5£015«-OS 

-l.S607Se-D5 

-l.a915e-05 

-1.3151*-“ 0’S 


i? Ul - 

d) Plotting the production of styrene as a function of T 0 gives the 
following graph. The temperature that ^ 1 -- nnei/ 


l # ?b {Sir***) vt th 



OCG 3t?0 n GOP 1100 r -■ 

e) Plotting the production of styrene as a function of the steam ra c 
gives the following graph and the ratio that is the ideal is 25:1. 


i;aQ 


+ Fh ■\7u j rv*'i " » r 


5 COB —-— - _ "™l 



f) No solution will be given 


g) No solution will be given. 


F~ SS 












PS-31 


Mole balances 

v- V o( C AO” 

C A ) v _ v o(Cbo -C b) 

“ r A 


Vs3 ^£a 

Y _ V 0^U 

r D 

ru 

Rate laws: 

-r A = + k 2 C B 

r D - kiC A 

-r B = kiC A + k 2 C B 

r U = ^2^-B 


Energy balance: 

“?rt[ C PA( T - T Ao) + C ] *(r-T >0 )] + V(r A1 fcH Rl (T R ) + AC pl (T-T R )) + AC^-T*)) 


Evaluating the parameters: 
T=400K 


kj = 1000exp^--~ ] = 6.73 k 2 " 2000exp(- ' = 1.11 


AC pl =50-20 - 30 ^0 


ACp^ = 40 — 30 — 20 = —10 


y r 
^A0 

Simplifying: 


= 6000^2- 


.01 


min 


Cea-C 


AO 


C A - t * r A + C A0 


C B = T*r B + C 


BO 


- t * r D 


Cu = t'r L , 


171000 


20190 * C A + 6660 * C B 

We can plug those into POLYMATH and find the exit concentrations of U 
and D and find the volume of the CSTR. 


tdu * £*+C &Q " GJ! 

£ izh S =cam * ’ch 

£{^d) =sd-tau*Td 
ESnul Ecu“Cay- p ru 

*(V)i=L7lQQQ/ ^0L9Q'cd-o650^C^) -V 

CS&B , Q]_ 


iJilrial 

fl-UGl? 

D.00L'? 

0.00*1 

a.DfiU 

W91 


eba=.Cl 
VQcfiQOQ 

. 7 ] 
te«i,ii 
t*u-W 
*dWtI*e* 

^=112 

^ a 'kl'C4-icZ*M 















Pfl-31 coin'd 


9-31 

So] u t ior> 



Udnable 

Oa t ue 

fO 


ca 

□- 00167921 

-3.I2e-IB 


cb 

D* 00167921 

-3. J2e-IB 


cd 

D.00714353 

-2,! E58e-18 


cu 

CfcGQl17321 

-3.696e-lS 


U 

3794.94 

-9.531e-13 


C. cl □ 

0.01 



cbD 

0-01 



V0 

£000 



kl 

£.73 



k2 

1-1 1 



t 3U 

0.6324 9 



r d 

Q + 0J1234 4 



r u 

0.00196282 



r a 

-0.0131 572 



j'D 

-0.Q13S572 


a) — 

.0012 



- 

.0072 




b) V = 3794 dm 3 


c) No solution will be given. 


7 - & 7 



F8-32 


5 


Mob balances: 


V — ^ *0 ~ ^ a 



This solution only uses one CSTR+ if there is more than one CSTR s then the mole 
balances would both loot like the firet one. 


Rate law: 


t a — ^iC A 




Energy balance: 

100/ + ^ o c^ 


Evaluate the parameters: 


POLYMATH 

a-32 

BjpJiATiLOrtB ! ;r, jt i a L va 1 lek 

£ (ei =ta-fao-fcau. ■ ca. 2 

£ ? cfc^ =cb-Liu■tb 2 

£ (T> * (10D'£*Ti*Eio*cpa’'To*V" [Ehr 1 11 rs-t-pbr! "rbJ > / [LQQ*£+f*□ 130 

‘■epa J 1 -T 
GiOtrS 
LiU=6 

i*Q 

Ti-273 
Cpi=2G 
To=273 
V=J 

Dhrl=lOQ&0 

Dtar3 — i0m 

Jcl* .3*wp<7QD&* { 1/JOQ-im) 

*2- . D30DO* (1/3Q0-.1/T) J 
ran-kl'ca 
rfi-ia H «-lc3*eb 
Wa=Vf tflU 
fao=C^(3'V(? 


ee 









FS-31 Mul'd 


3-32 
So 1 u i ion 


Jariab L 

Ualue 

fO 

ce 

4,33533 

2-971 e— 13 

CP 

O. 104333 

-2-942e- 13 

T 

252.093 

-5,929c- 11 

cao 

5 


idu 

6 


r 

O 


la 

273 


epa 

20 


To 

273 


U 

4 


□hr 1 

lOOQO 


□hr 2 

-ioooo 


k. 1 

0,00356174 


k 2 

0,000356174 


r a 

-0.0174361 


r p 

0 T QJ733&3 


vo 

0,666667 


f ao 

3.33333 



From POLYMATH we sec that we get a Cb - 0 104 mol/dm' and a v 0 = 0.67 
flm~/ rnin This gives m a F fl =■ .06963 mol/min which Is also 100 mol/day. The 
parameters that work for this are as follows: 

Tq = 273K 
Vo = 0-67 dm 3 /miii 
V = 4 dm* 
f- Q 

C a q = 0 


f "0^ 






a) The first task is to find the equilibrium conversion. Wc need 10 use the 
following equations: 


M^Lfh.) 2 

K - C B - q+eXe)H T ^ 

c c A C A0 (1-X t ) 

(l + eX e ) 

X^£K c T + 4C A0 T 0 }-€TK c X e -TK c =0 

x _ £TK c -^(£TK c ) 2 — 4{eK c T + 4 C a qT|]}TK c 
e ^eKJ+^%) 

C p a(T-T 0 ) + Q.2*C p[ {T-T 0 ) 

* b -AH„~AC p {T-T R } 


Then K changes with temperature so we need to come up with that equation: 


d(tnK p ) _ AH ra + AC p {T-T R ) 
dT RT^ 

lnK c =lnK p -lrtT-lnK 


POLYMATH 


a-Ai 

tnkp] /d{T) = iphr^L^£^p' (t-T r:) / !!R-l L "2 ^ 

'ttuna* -75Dao 

Dcp^E 

Tr^OQ 

R=a,3id 

tp*ml2 

eps®.a 

fcc*£xp ! Iiitp-La m <R.I ) 

=> r fejl= -If -kc I feps-T- kc^i M eps *Kc-*T*4 * cm -Tq> , T*kC> > / | 

2 * i 'kc * T - 4 * cao -?* } 

-Icpa" <T-Tol - , 2*Cpl" {T-TQl ) f [-Bhr*l-Scp’ (T-Tr j * 


J0G r 


= 642.3 


Icii-ia. ^a l u. e 
L6.96 


£■- fO 














cont'd 

8-Ai 


Variable 

Value 

Maxi muni vnlij^ 

Winiafhirci value 

final 

T 

300 

Gd2.3 

3 GO 

BIZ.3 

Inkp 

ifl.M 

is.sa 

3 .174*5 

3.L7i£9 

G9G 

0-5 

0.5 

V .5 

0.5 

Dhffxt 


-75000 

-75000 

-73000 

Dsp 

a 

fl 

3 

9 

Tr 

300 

300 

300 

300 

F. 

2. 314 

S-3M 

S .514 

0.214 


ii 

12 

12 

12 

TO 

100 

300 

300 

300 

cpi 

11 


L5 

IS 


O.fi 

0.3 

0.8 

o.e 

kc 

TC142 

7&142 

0,0044792 

0.00*4792 

Xe 

1,619 

l.OlB 

0.0710336 

0.0710356 

JtAb 

O 

0.07105413 

O 

O.0710543 


We find that the equilibrium conversion is 0.071 


X = 0.0568 

To find the volume neccessary we can then use die algorithm starting with 
the mole balance: 


dX _ ~ r A 

dV^F A0 
Rate law: 


-r A “k 

Stoichiometry: 


Key 


r _ C A0 (l-X) T D 
A 1 + eX T 


Q _ ^C A qX Tp 


Energy balance: 


T = ■ 


+ AC p T K 


1 + eX T 


+ Cp A T D + 0 I C pI To 


CpA + 0iCpi+XAC p 

Evaluate the parameters: 

0.217 E i 


In 


0.324 R ^340 


J40 300 ) 


f ' T \ 


















CDPB-A 

E 


cant'd 


— = 1022.16 
R 


k = 0,217 * exp 


1022.16J ——- 
300 T 


AC ' P = 2 C p a-C pA = 8J / moliC 
dlnK p AH„+AC p (T-T R ) 


dT 


RT 1 


; V dhK fT^c^) dT 


K p » 


^p(Tr)] 

I " 1 1 

e 

b t r J 


+ ^ ta Y 

R t e 


BmK p -^- = ^^_ = K c R T ^{nK p =l n K c +lnT + lnR 


+** In 


(k C2 ' 

)_ l^Kp? 

~ In 

rAH R -AC p T E - 

h 

i m 


r s i 

i^CR, 

1 lnK FR 

Tr 

R 

u 

^300. 


.8314 




170000 


H 


-75000-8*300 J1_l_1 

S314 


In- 


'] + [s^I _I 


K Z2 s 70000exp 9309,of-LI 

I L t e t , 


JLt 300 

0,0378 In— I 

T *J 


in- 


300 


POLYMATH 


0 -A(aJ 

equAc.ipns: 

vq»H3o 

cap* , 5 
cps-,B 

Tci=-3DG 
T*:"3GQ 
Dhrxl = - 7£Q DJ] 
c[Ml^L2 
qpi«=15 

1"W/(J.LJL*».25^2J 

xioSOO** 

£-So=v^*;;an 

*Cpb-c;i*i 

T ’ t-cim'to* , 2-<rpi*ToJ ^ [opd. . 2 'cpi.ji-flj: 

PJ 


Znicial value 

D 


7-?X 





























CPPH-A con fd 

K=.JlT- CK p.(lQ23 , 15-il/}0O-x/TS l 

Kc-70#OO-* K p <n0 9.«VTl=-T^trr--f)-0.fl31ft*l ft< TW] 

(i, K ) 'To) / ! ^ I *eps^Kl -Tl 
cbb r2’CAo'K*T4)/IU +( yps- Kf *Tj 
ra = -k* ^ea-5i>"2/Kc) 


*0 =■ 0 , 

K f ■= e.os? 


£-Aia] 



variable 

- n ^ C Jl a » 

va 1 u* Mu iaruiri 


0 

{?.DS? 

IT 

■3 

15.U3& 

VO 

100 

100 


o. & 

0.5 

fpS 

0,0 

0.S 

Tfl 

300 

ICO 

Tr 


3QD 

Dtlncl 

-7500.0 

-75000 

ip* 

12 

12 

e&i. 

15 

L5 

tpb 

10 

10 

1 

0 

70--S0D7 

*1 

0 

3^.2 

ta-D 

50 

50 

Dcp 

S 

0 

T 

U 

0OO 

5fifl,?45 


Be 

CA 

cb 


Q-JP 

7G0OD 

0.5 

0 

-0.1035 


1.0B357 
70 OOI? 

0,5 

0,026794)5 

-0.1066 


■ti Mi.ni.murs vaJ . i. 
0 
0 

130 

C,S 

0,0 

300 

300 

-75DG0 

Li 

IS 

10 

0 

0 

50 

6 

300 
0-217 
0.02^6955 
C-330OCA 
0 


c FArval vji 1 u t. L 
0.057 
15 413-fi 
ICO 
0.S 
0-0 
100 
1SKS 

-75^00 

Li 

15 

10 

7B. Sc-07 
34-2 
50 
6 

560-245 

1-0B367 

O.CJS6935 

0.239069 

0 . -0207802 

-0.237EQ1 


We find that the volume neceessary is 15.4 dm! 
b) This graph shows conversion and temperature as a function of length. 


J6 


2-=.; CO— 


■L0 

0.3 

0.6 

0.4 

-J- 0.2 


ls.^ 3 si.iCT *e.cco 


S-.7LC B0 5-“ 


f- 9 i 











CPP8-A conlM 

c) In a CSTR all that will change is the mole balance: 

y _ ^AO^ 

- r A 

POLYMATH 

B-K[e\ 

£(V)af***K.- , -ta-V 

X<=(16 

Td^OO 

£4G=.5 

va—LG-Q 

Bp^=- a 

Tr=JQQ 
Dhrx= - 7 E-Q D 0 

cpb^LO 

Depp 2 * ctb- cya 

T- rx* (-Dhrx«-Dcp*Tr] + . 2 '<rpi-TD+cpfl^TD| / (c**a*. 2 *^pi*x"ttp3 
Jt- .ai7-txp[lM2.i.6"<l/30C-l/T) ) 

* C i*70n^cxp[?JQ£^Tr-Tj / LTr^T) - .fl370*Ln IT/Tt 3 h 
ta=c«‘(l^^Ts/ [ [ 1+^fS 'x? *TI 
Cb*2 " uae *x*TG/ f 11 ■+ cpifl *x3 "TJ 


a-«Le> 



r- 










CDP8-A coat'd 

We find that the volume necessary is 14.8 dm*. 

d) The only thing that changes is the energy balance from part (a): 


d T Ua(T,-TH-r A X-^K-ACp(T-T,Q) 

dv ~ Fao( C PA*°- 2C p1 +X4C p) 


a = 


2jcrl 

Kt 1 ] 


.25 


= 8 


POLYMATH gives us the following graphs. 


Initial valu« 

a(T)/<Hir)-[(f*a* rTa-TJ*(-ra) '(-Uhn-Pcp' [T-Tr) t) S < fn* [Cia 330 
- .2~cpi+x*Dcp3 j 

dExI/d£v)«-rft/f 4 o q 

k*. 2 IT exp ■! LQZZ . li" N, / J Qfl -1TI ) 

t>19 

TaOOO 

Dtu-K=-?5-0q0 

Dcp=E 

TrOGQ 

cpa-12 

cpi-15 

wo^ioo 

G«0=.5 

eps=.E 

To-JDO 

Xl=3€*6(J0 

J!c=i7Cl0Oi?-tJcp^ja9.6^ (Tr-TI / ETr-T ’3 - .0^8*10 [T^Tr? ^ 
laa^ClCVo 

*T/ ( ri-tpi-xj -To) 
cb=:*cJlo-x fr T/ ( (l*ftps*X^T&J 
ra=-fc* Eea-cif'2/Kc] 

V 0 “ 0 " V ; h 3.-D 



9 -*^ 












conl'd 



e) For winter operation assume a temperature of -10 a C. This is 


For summer operation assume a temperature of 35“C This is 



7 ' % 





CDP8-B 


A -> products 


-r* = — 




(k+w/ cm>s 



a) 


£6 - - 0.4 Re* * Sc m - 0.4Re a " 5c 177 

^A£ 


Convective diffusive flux 




Reaction Ratc/Axca 


i. =-'■;= 


*.c. 




Al steady State: 


SftD 




fc+^cj 


( 1 ) 


At Bifurcation point, 


ac\ 




3C 


* c. 


5/i£> 


_ 


St 


1— 


2 C> a 


^ (jfc s +& s C A )f_ 


F- ^7 


(a) 
























shot, k+ t ,c;) . 

° - 


Substituting this in (1), at steady state: 



For equation (2) having real solution: 
(- k i C M T-4*2k t *k 2 C M >0 

)S0 

As ijC^ > 0 



Condition for having M.S.S 



b) At bifurcation point both roots of equation (2) for C* coincide for this 

kir 



Substituting this in equation (I j 












t / 04 _ jt,v 04 
D™ ~2k^D Ajl Sc [iI 


c) 

j/ a4 ^ 432(0. i]P- 4 

D a6 ” 2 *2*0. J *1 1 ' 3 
= 430 

U = ^30 * 0.025 OS J'' 14 



r- 



CDP8-C 

I) 


-r.-kC, 


*a-^a ^ (1) 

Plugging that into the CSTR mole balance and writing as a function of C,, 


F(C A > = 


Ca C aq 


+ kC/ 


t T 

F(y) = aC A ~ji + G{C A } 
Taking the derivative of that: 


( 2 ) 


dF 


dC 


Afc\ * 


+k=0 


(3) 


There is no point where this is true so this will not have multiple steady- 


n) 


“ r A = 


kc. 


l + KCj 


w 


Plugging that into the CSTR mole balance and writing as a function of C, 

(5) 

‘"“A 

Taking the derivative of that: 

k 


FfC A ) = -—“ + — 

t T 1 +KC a 


dF 


dC 


_ 1 
x 


aic; 1 (i+kc a ) j 


■ = 0 


(6) 


There is no point where this is true so this will not have MSS. 
ni) -r A — —— 


( 7 ) 


(1 + KC a ) 3 

I lugging into th& CSTR mole balance and writing as a function of 


f(Ca)=%-% £ +—^S-J=0 
T 1 (1+KC a ) j 


( 8 ) 


Taking the derivative of this: 


7- / o O 













CDPB-C cont'd 


dF 


dC, 


_l + k ; 2KC 4=0 


o’ ^ {l + KC\) 


(9) 


Combining the last two equations we come up with: 


3KC^-2KC ao C;+C ao -0 

2KC ao i V 4KC ao (KC A q - 3) 

6 K 


(lojtai) 


c A = 


From this we can see that KC A0 > 3 for this to be true. Next taking equation (9) 
we find that: 


1 2KC a -1 

xk (i+kc*a) 4 


( 12 ) 


We see that the left side has a maximum so to determine where it is we take 
the derivative and solve for where it equals zero. 


6K-6K 2 C a _ n 

, c; u 

(13} 

(i+kc a ) 



(14) 


Plugging that back into equation (12): 


J L = J_ 
xk _ 16 


(15) 


tk cannot be under 16. Now taking y = C A /C.^, and plug into equations 


(1® 


and (8) we come up with the following equations: 
1 


m 




y(2-3y) 

, (l-y)(H-KC A0 yf 


( 16 ) 

( 17 ) 


We can then come up with the following table and graph: 



r - /oi 












CDF8-C 


COnfd 


Q2EM> 


y 

KCao 

tk 

0.075 

7.51 

47.1 

0.1 

5.88 

36,1 

0.15 

4.30 

25.2 

0.2 

3.57 

20.2 

0.32 

3.00 

16.0 

0.467 

3.57 

21.7 

0.5165 

4.30 

31.2 

0.5666 

5.88 

62.1 

0.5916 

7.51 

111.2 


120.0 
100,0 
; jt £o.o 

= 00,0 

nj 

“ 40.0 

20.0 
00 

0.00 S.OO 10.00 : 

KCao I 





The rate law is: 


Tr A = 


1 + KC a 


Plugging that into the mole balance for a CSTR: 
C A C, 


F(C a ) = 


j ^C A Cb _ q 

t 1+KC a " 


CD 


( 2 ) 


For multiple steady-states to occur equation (2) must be true as well as this 
equation: 


7- /02. 

























cPUfcE 


cont'd 


dF 


dC j 


1 

=■ “ H - - 




■t ci+xc A r 


■ = 0 


There is no quantity of C A where this is true so there arc no regions where 
multiple steady-state occurs, 

CDF^E 

Energy balance over system from Z == 0 to any Z 

o - xf a { Aff*( h )+£ ac/t] 

Energy balance over system from Z = 0 to dZ 


• XFm |ah£( t r 1» 


& XF *» 


M 

= Pad £0l J CpidT + ^ fp^ieij C^iT 


AHr(Tr}+ iCpdt 


[• 




Subtracting 
X 


S _d_ 

dZ dZ 


But^ 


Pad |iHR (Tr} + J ACpdrjj = gjpAO^ 0 * J C P idT 

;F w L0i| Cpidlj = F^C^gi g j AC P dT = ACp 


dZ 

dZ 


aad “ = UA (T a - T) 

OZr 

Energy balance becomes: 


£ 


UA. [T a - T) - FaJx AHr fTK> + AC p (T - Tr}] g- - X Fao ACp g = Fao ^ dZ 

0r! m = UA (T - T a ) ■ Fad [x AHr {T(Q + AC, (T - Tr)] ^ 

32 Fao (e&s Cp, + XACpJ 32 

Ma^fial balance for S02+^Oj —»SOj 
2 



/D3 












CCtEkE cont'd 

- y* - 0.11, y 0i - 0,1 and^j = 079; $ ~ ] _ ] _-i ^ _ J. 
P «: * ^ KT -- , FJ.I-JQ y^Pj l, X) 

,+ ^ i+rf ‘ '777F~ 

p Oi = Cc>,RT = C A0 RT l^uiO^xj a y A0 p 0 fe^ - g. 5 x) 

1 + eX I J +• eX 

p s°> = Rt s SaSlEIX = Vaq Pa X 

1+£X I+eX 



>« ^ (J - xvt 

tr , 


<A = k| 


X 40 p ofec, - 0 . 5 X) 

fetfPbXP ’ 


y*a Pp X 
- 3 + tX~ _ 

I+eX 

- - 1 +fX * _ 

fc, [y^Mi-Jop 
*- 1 +sX Jj 


Nawdw = p E ZEQi^ 


yAnPofeo^Qjx) y2 
I+eX ’ K p (l . XJ 2 




WlthPi =150: D = i fi; £ipi = (m|E)n) ; _ 117aZt 

* = yA ° 5 = t0 u > - -0 055; y A(} P 0 , 0 .11 atm 
**■ ® = _Xi 


Fao 

= ii 2 iisaLj£]i 

Fao I X I 


X J L 1_ 0-0HX K p{ r.xji 

O.llfO.91 - 0,5X1 _^2 


.„ - ■ L 1 - O.055 X 'k f i x)2 


Tne'w — +- 


®L 


■iZ 


7 -/ 0 7 






































CDPS-F 


cont'd 



Condi dons on reactor 1 are fixed; Therefore, the outlet conversion, X Fl . from the 
fust reactor is determined. This value is used as a an entrance condition for reactor 1 The 
overall conversion can dien be maximized in a procedure identical to that outline in problem 
P-8. 


cpps-c 

aj Assuming That there is an unique cost optimum with respect to the inlet tempcianne 
T 2 a rouune simdar to that outlined it, PS-8 and modified as suggested in FB-Ww can be 

“* . COtld ' aonal staicmftIlt off reactor calculations when W exceeds 1000 

“ £ SUChti " C ™ — ***». cease when X F1 

■ - ttstea o maximizing conversion, a routine similar to that shown in PS-8 
minimizing chft to cal cost function can be implemented. 

b) This problem appears to be a two-variable optimization. Energy balance can be 
used to characterize the steam conditions, i.e., 4 (0, T 0( X F ) ^ 0 . By [hc OVciaJJ 

77 V Tn (Htre * iS reprHcnied in ** fofl n 

Tp= 'i.SXf + 773~ £ = 0 ’ 

whrch is an adiabatic energy balance between any T 0 and 7>. given any conversion Xf . 

Also by an energy balance over the heat exchanger and reactor 2 ,fO, T* X 1( T 2 ) - 0 
J"“ there are three pieces of process equipment, there are tinee independent en^gy 
Ranees, From this system, the unknowns are: T F . X u T* T 0 and Tj. Therefore, any 
co the variables mus, be set to characterize the system. An optimum submutine could 
be devised, using a method such as that of the steepest ascent to minimize process costs. 


?- /.05 



















cnps-H 

Fjrid temperature where the concentration of H is the greatest. 


t ~ 


- C d 


W 

r = ^L 




z = - 


k,C 


Jfc, =3xiOV fz ™ WJ, * ,r) > 

kj i-'-2 s< 10'V ( ™ w: *‘ T,> 

llien graphing those as a function of temperature gives Lhe following graph where 
the maximum of B occurs at 643 C R of 185°F 


Concentration vs 



heating co?i m ^ ratJrc 1S f ° Und enefgy balailce to detemiine the area of the 

A = Tv t )f~fr i v )+ {-Mac: V) - F^J 

UT-UT* 

= -0 *' - * ' 30 + 1500 0 *'] 99183 *- iWW8 *30-25000-. it) [Q6 MMflS8 *30- 90 *.S* I U 

.111 * 184-,! i I *212 1 - 361/F 

C.DP8-I 

Find die maximum of G(T) 

From 8-20 



M I+ &) 

6’(r) = (-AZ/jjj. JA" = 80000 * X 

Jr _ 


7 - /Dtp 






















CDF84 rant'd 


T 

k 

K 

X 

G 

396 

0.6034751 

275.40840 ! 

0.35519442 

66415.5532 

398 

0.777323 

165,831203 

0.3813724 

0,9009009 

70509.7923 

72072.0721 

400 

1 

100 

402 

1.28242936 

SO.6085371 , 

0.91387851 

73094.2808 

4-02-5 

1 36418749 

53,5164184 

0.91575967 
0.917 36725 

73260.7738 

73389.3801i 

403 

1,45093533 I 

47.2703356 

403.5 

1,54296375! 

41,7660986 

0.91 843 1 8 

73478-5441j 

404 

1,64057945' 

36 9140939 

0.91908048 

73526.4385 

404.5 

1.7441063 

32.6357129 

0.9191 3688 

73530.9504 

405 

1.85338595 

28.8619781 

0-91862084 

i 73439.6672 

405,5 

1.97027887 

25.5323441 

0.91749333 

l 73399.8861 

406 

2.09366529 

22.5936505 

0,915731 34 

73258 5069 

408 

2.66550133 

13.8953936 

0.90132096 

72105.6766 

41 0 

3.38553585 

8.58647606 

0.87260083 

69808.0502 

412 

4.29010273 

5,33075524 

0 82583193 

66066-5542 


The maximum X value occults ai 404.5 K and the G value is 73530. 
Find, where R(T) equals G(T) 


*(r) = c„(i + ir)(r-r c ) 

T _ T 0 + KT, _ 310 + ^*310 = . 3I0 
c 1 + k 1 1-i-k 

Solving R(T) for if, K = IS A$ 

VA 

k= tt 

UA - 7380 

CDPS-T 

a) Starting with the mole balance in a "fluidized bed" 


W 

6 = 


v o(Cao~ c a) 

-*a 

W 

v o 

Cah - ^a 


Q . *-AQ 


e = 


kiC A 
Caq-C a 


^Ao( 1_a p) 


1-a =^- 
p ke 


f - /° 7 



























































££PH 


coat'd 

a p = — 
p l+kje 


Using the mole balance on p 


e =—Sz 


kiC A -k 2 C p 


C p - a p 0 p C AO 


e = 


a p^p^A[> 


AO (i ~ a pj ^p^p^-AClk; 

0ki C A O -ek^AoOtp -6a p e p C AO k 2 = a p 0 p C AO 

ekj -ekta p =eo p 0 p k i + cc p e p 

M ) 


0kJ 1- 


0 P “ k'je" 


i+kA 


1+fclO 


(l+0k a ) 


Finally: 


8 = 


k,C A -k 2 r 


- c A on 


e = 


_ Qyi 1 ! __ 

^i C Ao(l “ C£ p ) - k 2 C A{J ii 

k^l - dtp J - k 2 01) = T) 

k J I-M,) 

n - A 1 +M J 


1 + k 2 0 

c) We need equations for the two k's and the equation tn fin, 
quantity or equation is known. equat,on to fine 


* Every other 


7-/08 



CPPS-I 


edit'd 


■ 


"43900 

V 

LL 

0 

_ 1.987 

1423 

tJ, 

" 20414 / 


lV 

. 1 987 L 

l 423 " 

tJJ 


T in K 


-AO 


9 


C PA (T-- T 0 ) - (-kjC A0 (l - a p )’*-149000} - ((k ; C A0 (l - a p ) - k 2 C AD rt) : * 


U(T a -T) 


Where T is in T. We then get this table where with these equations and the 


T 

kl 

k2 

a 

n 

a 

Cp 

331 

3.3252E+22 

383868745 

1 

0.5714367 

1.53251186 

O,QOQ2540< 

365 

2.3357E+23 

950289557] 

1 

fo.35414693 

1488.271 

0.00015791 

423 

4.1 85E-h24 

3636190933 

1 

0,11 194938 

1642.11894 

4.9929E‘0i 


6 


1.95E-09 


d) No solution will be given. 

e) No solution will be given, 





























CDFS-L 


V T Ca 

T C A 


- 7 


Cao Q 


Mole Balance: 

„ V V dC A 

v Q C A0 “ vC A + — f A = — ~JT 

v o v a di v r 

Let C A "C A0 (1-X A ); z "~> r = "7^ ; 6 

• v , v 0 '"AO 

giving = ~X A -I- tv = F(X ArT ) 


Rate equation: 

-r A = kC A = kC A0 (l-X A ) 


k = exp 


19870 f 1 I 
' 1.987 Lt 303.2 J_ 


r = k(l - X A ) 

Energy balance: 

0-W, + v 0 pC p (T D -T) + AH * r A * V = VpC p ™ - 
Q^O; W = 0; ^- = 0 


T 0 —T + —t r A — = —pC 
° PC P A v 0 v c 


dT 
9 dt 


AH r c A0 

pCp 


iii = T 0 -T + Tjr = G(X A ,T) 

a) t for extinction and ignition -C^ = 5 gmol/ dm 1 
(-15120X5) 

J (.9)(1.21){1000) 

= 1.0 mm ] T 0 = 293.2K 


Ass u mined 
p, C p , AH constant 


l 

■t 



t -n ° 














CDPS-L coned 

Relations become: 
-X A + tr = 0 


T o -T + tJr = 0 

Energy balance becomes: T 0 - T + JX A 

x A _ 2k. 


t = 


^ Xa ' T ^ kjo^-XAjexp 


- 10 ’ 


T 0 + JX a 303.2 


Tau vs conversion 


G.£ 



0.5 

Conversion 


Could do numerically, but not difficult analytically. IG/ER points are where: 

dT .=o 


dXj 


|S 


lnr = lnX A -ln(l-X A )^10 J 

l 


1 


1 


d . 1 

-lnt = ■ 


dX, 


X A 1-X a {T 0 + |.X a} 


To + JX a 303.2 J 
= 0 


-ink 


30 


10 4 J 


1 


f < x *>=xT-c*7-; 


7x10 s 


'A 1_ X A (293.2+ 70X A ) i 
Roots are: X A = 0.1567,0.7881 

Giving T = 0.16728,0.05163 


■ = 0 


nction curve and ignition-T fl = 20°C, t = 0,1 min, 
ly in J, Need to find J limits. 

i ... ,JM(1 zXaP 

*a , 


+ 10 a In: 
303.2 ^ 


f - l/t 



























CDPSlT, cont'd 


Tq + JX a = 


1 


303.2 


J = -L 
X A 


+ 10"* In 


303.2 


k 30 x(l-X A ) 

X A 


1 + 0.03032 Inf 

Xa 


t-T 0 


J vs conversion 


120 T 



o.s 

Conversion 


Id find the analytical solution- 

&»- 

and solve: X A = 0.0921, 0.7437 
J = 110.01, 59.812 K 

= 7.8579, 4.2723 gmol/1 

c) T„ for extinction and ignition t = 0.1 min C A0 = 5 
Similar procedure. T 0 only enters in energy balance 


To - 


303.2 


l-0.03022ln 


X 


zM) 

A j 


-JX A 


dip 

dX* 


303.2(.03032) 


1-X A X A 


1- 0.03022 Inf 

- \ x A _ 

(very similar to J case) in fact, identical! Except that J is fixed and T. 


7J 


•70 = 0 


varies 


f- HZ 





































CDP8- L cont'd 

Plot of T, vs X*: 


To vs conversion 

300 

]S 290 
265 
280 

0 0.5 

conversion 



Roots are: X A = 0.1636, 0.7902 

Giving T 0 = 298.04, 285.37 

[All roots are found with POLYMATH] 


2 ) 

a) F = G, G = O 


F = 0 

-X A + tr = 0 
-X A + xk(l-X A ) = 0 
kt 


G = 0 

T(j ~T +Jxr = 0 
T o -T + Tjk(l-X A ) = 0 


Xa = ■ 


1 + kt 


X 4 * 


T 0 -T 

xjk 


+ 1 


k^ksoexp 


- 10 < 


I—L-jl 

T 303.2JJ 


PIoi attached. Solve simultaneously for X A and 
= 293.2 K. 


T for t = 0,1 min, k M = I min' ] , J = 70 & 


Solve above equations simultaneously to find stable and unstable points 

f(X A ,T) = ~X A + Tk(l-X A ) = 0 

g(X A ,T) = V-T + Tjk(l-X A } = 0 
Use POLYMATH to find the roots of the equations. 


r -t\$ 















C-ahvfl.r*! flf, 


cont'd 


Initial if j Lue 
0.94&S 


CDP8-L 

J.p nrr: 

ElM)=-K-!:^lLi^l-■' (1-K3 

f IT^TO-T^-iaLi-J^k 1 (1 -xl 

E*U.=.1 

4=1 'ex t 5i,-;H’ < 1/T-I/303.2I ) 

To= 293 

J=TG 

Roots are: 

1 

2 

3 


X A 

.00444 

.4186 

,9455 


T 

29631 

322.5 

359.39 


Stable 

Unstable 

Stable 


This graph is also made from the equations showing the Intersection of the 
two equations. 

< ■ Conversion 1 "- Temperature Phase Plane 



T. tirtijj ar aiurc!, K 

c) Separatrix-shown on Phase-Plane plot 
Found by solving: 

__ G = (2933 - T) H- Q.l (70)k(l - X) 

4X T -X + 0.1k(l - XJ 

for various initial conditions at X = 0 or 1, until trajectory went toward 
tins tabic point. Trials and errors were: 


X, 

= 0, X = 0.414 

X-TX = 

T, 

.424 

Tj 

T f 

Tf 

31S.1 

317.2 

327.2 

337.2 

316.2 

318,2 

337.4 

318.3 

316.7 

324.5 

339 

320.6 

316.6 

3242 

340.4 

315.4 

316.5 

322,4 

339.5 

r-j/i 

322.5 
















CPPfr-L 


cant'd 


Conversion — Temperature Phase Plane 



T„ l*rrip*roUjpr*, K 

Solution is unstable near (0.4186, 322.5), but integrations went smoothly 
except for one case. 

POLYMATH will only intergrate from lower to higher X, so equation w 

rewritten with y = 1-X, as 

dT 293.2-T + .l(70)kr 
dy _ -(l-y) + 01fcy 


d) Phase and time trajectories 

The equations 

^ = -X + 0.1k(l-X} 

d6 

— = 293.2 - T + 0.1(70)k(l - X) 

were solved simultaneously with POLYMATH for tire three cases- 
Time responses are attatched. 

Discussion: 

Case 1:(45 5 C, 0.3)‘Reaction "extinguishes" after a momentary increases 
conversion, , 


in 


7- ns 








CFP&-L tflnfd 

Case 2\{5Q°C f Q3): Reaction "ignites". T and X overshoot slightly. Final 
stabilisation is rapid becasue of the high temperature (and hence k). 


P*?*.' 3: ! 65 °S' °- 9J:React0r "ignites" after significant dips in T and X. Reactant 
had to build up some before reaction could begin to raise temperature. 


& 

S.JhI 

l:Wl 

1-3 SMB 

%.ms 

1 tffffB 

M235 
1.Z3JJ 
I.37JB 
1 .SEES 
1.4235 
3.355* 

iia 

:»8 

i.J75£ 

2-5MJ 


Time Trajectories 
Case 3 

3 Admit it 6tmur 0|Mi»,cs 
Ialitntrn« Priiftfi 

* T 

e,WH„ Tii ".ff 

i.hu 


M 

m 

r.47« 

MNt 

f. *77Z 
MSI7 

g. JlBS 
B.int 
J.SSIl 
g.S«4 
J.H7J 

a.its: 

J.177? 

J.»M4 

i.5j« 


Separatrbt 


m 

m 


ITS.!. 

137.73 

741.37 
MS.?? 
JM.iT 
JS3.5? 

133.37 
J«.2S 
JSJ.7? 
337.(4 


Upper 


Tfitaari 


T 

ZZ OB' 

3Ji.ur 

jg*.« 

333.75 

334^3 

333,^6 

33 *3 J 
WI-W 
J3I.SJ 
3Z5.S3 
325 M 

m.2* 

357,4? 
Z2& . 75 
"76.EJ 
325,+fi. 
*24 M 
m-2A 

373,66 

322*51 


Lticn Smdh 

8-F- 

f.IZSS 

j.kh 

M 13? 
f,E44f 
f*tT2l 
B.mi 

$.2354 

5,259? 

r.zm 

5*334ff 

f.HSfi 

5.3744 

I.4H? 

*.«« 

ir+3in 

I. 3472 

J. 37M 




R.L. CurJ 10-30-90 


Lower 

f.I— 
bji n 

0.1414 
ff.KIl 
UIZ1 
1*1135 
1.1242 
*.E4« 
I41W 
1.11(3 
I.2TI 

Witt 

i,24*I 

1.2m 

jjl#5 
5*3312 
MJif 
9 + f?2« 
f.3153 


T 

iOf 

iif:g 

jp 

JIB.13 
J19.3I 
311+51 
314.81 
315-33 
J15.4J 
315.7= 
371 .H 
|2i*37 

ja.H 

321.12 
321 + J( 
JZ1.71T 
322.55 
322*4f 












CPPS-i eont'd 

Time Trajectories 
Case i 

Cm. L fidiihitie, faaewr C^auics 
Tntnr^nr 


B 

X 

T 


a*T3W 

IlOf 

§»3UV 

a.334? 

3W.J7 

3*ms 

0.27?3 

] Lt l [■! 

i .hjtb 

0*1533 

IH.S’ 

1*4100 

0*2652 

iti.7S 

L ,7300 

1.2413 

JIf.14 

urn 

1,2158 

3IJ-7? 

2.4SH 

0.1753 

ut.as 

2*2010 

a.164? 

ois.ij 

3*1511 

J,1457 

183.5"! 

Si5OT 

1*1272 

312*2* 

;.S5bb 

1.1116 

381, S’j 

4 k 2IIS 

0.1?»5 

380.15 

4.350S 

0. JE77 

21*43 

4,3 SSI 

1.173? 

2*8.73 

S.2500 

0-I7t3 

i?s*:s 

5*4101 

6,0661 

277,54 

5-5501 

fJT&JG 

*17,52 

6.3100 

S*I5B# 

S?7.:s 

6 .65ftfi 

0.155t 

£J7*« 

7 .am 

0.1525 

Z?S*3fl 

Ad i -:_Li it'd c 

Riltttr i\ii; iM.lt 1i 

CASE 1 



Miibjtic flaittoi 1 Dwunie? Case 1 



Clase 2 

Cite 1 fitiutar fanJfcit* 


& 

3 . 1 "" * 
a.iws 

a. ziil 

fl.JIBJB 

B,sew 

B.&Jf 

a;: 

v.mB 

i.sjm 

i jm 

£ .LESBf 

iv|m 

1 -3B3S 

b. *1*5 
i.srK 
i.(H| 

L .TJtfff 

l.mi 

2 + I**ff 


InltiLJhtofl Emilia 


X 

ff + W 

a.m* 

B.m 1 ? 

f*3Hl 

SA22E 
I.*607 
0,4635 
B,547S 
ff.UJl 

0**350 

r*si53 

S.3S51 

1.1451 

ti»n 

0*754* 

0,?5*6 

l*iw 

i*t35a 
8.IS17 

f.M2ff 


T~ 

321^1 

324,01 

3:3 

327.E7 
321*61 

Kf-3* 

-j-jl.ai 

335.57 

331*51 

345*16 

532*26 

isi.i« 

5(1.71 

3S2.ll 

362.03 

361*64 

SSMJ 

361*42 

5(14| 
3*1*S3 




Adiibitic sector Oyn«iv$ CASE 2 


uiibitie tauter Gunjaies Case 2 

III.11T 


32Ipll^jj J,4f *,8N £ -js» 1-3 

to & 

RL.Carl 


r- m 
















CDPS-N 


a) Using only P as the solvent we come up with the following as the equations 
for the equilibrium conversion. 




The equation for the energy balance part is this: 


* ^(r-r 0 )+4*^(7--r 0 ) 

* ^ 

We then need an equation for K e . (Assuming that K = 2 when T = 280K) 



This graph is the result of these two equations: 


0.6 

0.5 

0.4 

0,3 

0.2 

0.1 

0 



280 300 320 340 


T 


We find the equilibrium temperature and conversion are 3Q5-7K and 0.064. 
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CDP8-N cont'd 

b) The same equations are used just the inert has been changed: 



280 300 320 340 

T 


The equilibrium conversion and temperature are then 301-6K and 0.097 


e) I o find the place where the conversion is the maximum depending on the 
inert we must come up with the new energy equation where the inert 
amount can change. 




CpA(T-T|,)-H-(yC ri .{T-Hi) < .(l-y)C p ( i (T-T|,)) 

-ITU 


where y is the percentage of F in the inert. We find that the maximum occurs 
when only Q is fed in. X = 0.097 

CDF8-Q 

Gas phase reactions; 

A- 

2A + B-»C 


= r-o 


dV * 


dFjj 

dV ! 



f ji = 


i y 


3J0/_ 


k,..2. e xp[-|(i 

~L 

596 ) 


c = C ^ 

A ‘ F t T 

- 


fu — -f k f G 


L’-'A 


F, T 

Also write energy balance in terms other than conversion; 

dT^ -AH R l*-r AL -AH B ,*-r„ 

dV 

The following is the POLYMATH program used: 

v-/n 













cont’d 

6-o 

ZcCaa-Tj iar.s ■ 
d i f^J / CUV) =- 4 

3Wrlc-20OGG 

3Hr2^.-4500D 

fdo=L0Q 

S-1-500Q 
. 9&7 

E2 *25000 
ct*=.S 

To=5-96 

CC=-ci-Ci 

= b = Cffb/f{ ‘ Td / T 

w-.i'ept-e/r a/T-a/ SS 6), . ea . ob . a 

ra*x*i* Sai 2 

+fa? 


7,12 


T TL.1 i; 1 cl 1 yj^Mj 

l:o 

* 


a) 


5-o 

E*g£iahlg 

V 

U 

T 

n> 

t*U-2 

f« 

*1 

t 

■a 

Ctfl 

ft 

To 

ft 

c* 

efc 

r *l 


na 

u 


POLYMATH gives the following table for the maximum 


temperature 


Initial 

va La* KaxijmiE i, 

6 

7.12 

LOO 

IPO 

59$ 

1X23. 34 

0 

34.3324 

-20000 

-30000 

-4Q00Q 

-40000 

10 0 

1O0 

50 

so 

5000 

5000 

1.9A1 

1-937 

25000 

3S00O 

0.5 

0-5 

LOG 

IDO 

Sse 

S9S 

0.5 

0.5 

0.5 

9-5 

0 

0.36504$ 

*49.. 16Sl 

-0,Doai5fi.57fl 

-D 

-0 

-4SM£SL 

-0 0002142]1 

49.L551 

49-lfifii 


M vni&Lam v&l 

L,1 S ^irta.1 Vfi7ui» 

0 

r-j 

1 F 1 

r- 

f 

fl,Z1231e-DS 

e.2121it-0& 

596 

1:29.34 

0 

94.3324 

-20000 

-30000 

-40000 

-400^0 

100 

LOO 

50 

50 

5000 

500 0 

L.9fl7 

1-987 

2 5 u-0-0 

25-0-00 

0.5 

a.5 

100 

L-00 

53 $ 

□ 96 

0.5 

0.5 

3 ■ L 5-6 0 4r- - 07 

2-16504^-07 

0 

0.S43965 

-43.16GL 

-0 000156570 

-^■36372 

-5.7«5JS*-0S 

-45 . lfi^i 

'0-ODe2L42il 

3-B325S*-sc 

9. B92J&*-£>& 



T- /HO 









CDFS-O confc'd 

V = 7,12 dm J 

l>) POLYMATH gives the following table for the maximum temperature: 


V = 6.82 dm 1 


Var iabl c- 

V 

JE-ft 

T 

Sb 

PHrl 

ZtixZ 

fno 

cpa 

tl 

£ 

ft 

Ta 

cE 

£A 

tb 

rAl 

ra.2 

ra 

- b 

CDPB-F 

Gas phase 


a) 

dX -r A 
dW “ F a8 



C A =C Afl {l-X}-^ 
C 0 = C A8 X^ 


Initial VAlae 

Max iixur. valu-e 

G 

6.62 

100 

100 

59 G 

1005.52 

0 

95.2981 

-70000 

-200DO 

-40000 

- 4 00 D-D 

100 

100 

50 

5£ 

5000 

5000 

1.337 

1.967 

25QO0 

25000 

0.5 

0-5 

100 

100 

596 

5SS 

*.5 

0.5 

0.5 

0.5 

0 

0.262253 

-43.1061 

-0.0021115 

-0 

-0 

-49.1*61 

^0,00274665 

43.1661 

5fl 0323 


2A‘ B 


Miaimum ^alu* 

F;nal value 

0 

*.62 

0.00145911 

D.00145911 

536 

l.C-05 - 52 

0 

95.2331 

-20000 

-2-DCGG 

- 40 00 0 

-40000 

100 

100 

50 

50 

5000 

5100 

1,967 

1.937 

25000 

25-DC-C 

0.5 

0.5 

LOG 

100 

596 

596 

0.5 

0.5 

4.MU15-&6 

4.32431#-G6 

0 

0.232251 

-53.1165 

-0.00i237^S 

-1.4921 

-0.DD0373347 

-56.1526 

-0.00274595 

0.00200016 

0,002000 L-G 


f - M 











C P.P8-P cont’d 

X J 


K = - 

* 0-x) 

k = 30 * exp. 


L R^2?3 tJJ 


30 * exp 

" 4000 ( 1 ]V 

( n 7 fi x) 2 - 

(.l) 2 X J 

J.9B7 1 273 T ) m 

100"exp 

T -10000f 1 1Y 

dX m 


1.987 V 600 ~ T J 


dW 


100 




x 2 


x m = 


(I-X) 2 

C^{T^-T 0 ) 


-DH U 


= SxlO’ 4 (T -323) 


T =32 3+ mm 

a 


Imi 



bj 



1000 

T, K 


2000 


At a temperature of 1081 K. there is a equilibrium conversion of 0.61 
«) <0.98)(0.61) = 0.398 

llie following POLYMATH program is used to determine how much catalyst weight is 
needed to achieve this conversion. We find that 42 kg of catalyst must be used. 


Wm? 


/Zz- 





















CPJ3J cont'd 

^-P 

Equations: 

d ] W Ji j'lS Ijt I -fjLT.' -Ta 

Tn=323 

fail-100 

Hurl*-lOO DO 

=*4000 
R»1.937 
CiO*.1 

T=To*x* < ~Dhrl S' /cpa 
ca^cbo* Ll-xh'To/T 
£b*eaQ*x*To/T' 

JCe« La 0 - eJd> (otir 1 /6 T (1 / 600-L /T} J 
kw3D**xpJE/EMl^J-VT) ) 
t*--If* < e*' 2 -cb*2 /ke} 

*p ■ °> x f r 0.593 

o-p 


Variable 

Initial value 

Maximum vain* 

Minimum valve 

X 

0 

0.593 

0 

w 

0 

42.1611 

0 

To 

123 

123 

123 

140 

1D0 

IDO 

100 

Dfcrl 

-10000 

-iooqq 

-1000G 

cpa 

3 

6 

0 

E 

400 D 

4000 

4000 

R 

1,907 

1.S07 

1.3*7 

cue 

0-1 

0,1 

0.1 

T 

32* 

1070.5 

323 

C& 

a.I 

0,1 

0.0121295 

GO 

a 

0.010-0423 

0 

fca 

13 3 D 49 

133049 

2.S0575 

R 

93.94L£ 

7Z32-C0 

91.3416 

£4 

-0,9*9415 

-Q.12S42 

-2.93041 


/2-3 


a 


yiiui tjLuj 
0.59* 
42,1613 
123 
100 
-10*00 
3 

4000 

1.907 

0,1 

1070,5 

o.omHS 

0.01*0431 

2,50575 

7292,66 

-D.12&42 
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P9-1. 


P9-2, 


P9-3, 


Chapter 9 

p" 0 bk P mTd d s e lSon Hm ihal r ' quircs stude " te *° cteaK and “‘*‘">1 

lf V . P ro pem- T**®* problems build in the Living Example 
in thl * chapter. By this point in the point the student is in a 
p n ca rry p ut ni-depth and meaningful parameter sensitivity studies 
If there is only time to assign one or two parts of this problem I would 
choose part (a) and then either (d> or (eh However, one could rotate the 
assignments of (a) through (e) from year to year. 

Although this problem on an explosion is a continuation of PS-3, it is not 
necessary to have worked PS-3 to work this problem, The students are asked 
to calculate the time before the reactor explodes, 

P9*4. Alternative problem to P9-3, 

P9-5. Straight forward problem on heat effects in a semibatch reactor, 
m ' cations* i "™' VeS * l0t 01 ' hir,ki "« an<i IMt a la, S' "™ b « of 
P9 " 7 ’ l S ! ra ' g , h ,‘. forvv!lrd P roblem concerning an udiabatically operated baldi 

reactor. Alternate to P9-S and P9-9, J F 

P9-8. Straight forward adiabatic batch reactor calculation. 

P9-9* Similar to P8-19, but with different specific reaction rates, 

F9-10. Start up of a CSTR. 

PM1 ' Pa 'i 7 ;!^ iSh i f w ard ^ emibatch rGflct0r P«bl«n. The volumetric feed rate 
mufit t?e varied, but within certain limits. 

Problems P9-1 2, ^9-13, and P9-14. involve the use of controllers during the 
peration of a CSTR. These problems provide excellent What if. . , problems 

vSfous our StUdem Can Va ^ the COn,Tof Parameters and observe the 
v ario us ou tcoira es— 

P^-15, <Prof. Fogler: Anything going here? > 


P9-]6, 


e point of this problem is that what we learned in chapter 8 about the 
ifferent multiple steady states being stable is not necessarily true. One will 

cHii (Mi P r P ein extinction temperature is not exceeded, vet we 

sun tail from the upper steady states to the lower steady states. This problem 
also allows the student to explore the parameter space. 
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P9-17. Living Example Problem 8-12. Can serve as a basis to study the adiabatic 
operation of a batch reactor. 

F9-18. Straight forward problem on parallel reactions in a semibatch reactor. 



P9-1 

Assigned 

AA 

m 

P9-2 

AA 


F9-3 

AA 


P9-4 

AA 

• 

P9-5 

AA 


P9-6 

O 

* 

P9-7 

AA 


P9-8 

AA 


P9-9 

I 


P9-1D 

G 


P9-11 

AA 

• 

P9-12 

G/AA 


P9-13 

G/AA 


P9-14 

G/AA 


P9-15 

G/AA 

# 

P9-16 

G 


F9-17 

A A 


P9-18 

AA 


CDP9-A 

AA 


CDP9-B 

AA 


CDP9-C 

CDP9-D 

CDP9-E 

CDP9-F 

CDP9-G 

CDP9-H 

CDP9-I 



Summary, 


Alternat es 

(a),3,4,7 
2(a),4 
2<a),3 

11.18, A 

2(a),8,17 

2{a),7,17 

lOb/a 

5.18, A 
13,14,15,8 

12.14.15, B 

12.13.15, B 
12,13,14,B 

(a),7,8 
5,11, A 
5,11.18 
12,13,14,15 


Difficulty 

Time 

MD 

75 

SF 

60 

F5F 

60 

FSF 

75 

FSF 

45 

SF 

60 

SF 

60 

MD 

60 

FSF 

40/40 

FSF 

60 

SF 

45 

SF 

30 

SF 

30 

MD 

90 

MD 

75 

FSF 

60 

FSF 

90 

FSF 

75 

FSF 

75 


Solution 

Gixsa QA 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 


Assigned 


_ = Always assigned, AA = Always assign one from the group of alttrn 
O 5 = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates .... 

In problems that have a dot in conjunction with AA means 
problems, either the problem with a dot or any one of the 
always assigned. 


that one 
alternates 


of** 

it* 
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Time 

pST** ^ " minUteS 11 "™ W ** k * ■ W sBident to S0lve lhe 

Difficulty 

rc F = S Fv 1 f hC l 0rW u t( ? reinforcei ^ent of principles (plug and chus;) 

- “»• of ^L» o, „ 

f C Intermediate calculation required 

M = More difficult 

OE = Soigne parts open-ended. 


Note the letter problems are found on the CD-ROM. For example A = CDPI-a. 

Summary Table Ch-9 


-_ 

Safety 

Batch 

Semi- 

Batch 

Unsteady 

Start-up 

Control 

Review of Definitions 
and Assumptions 

p. 





' 

Dpen-ended 

2(a) 

17(b,c) 

18{b,c) 

1 2(b,o),16(f) 

2(d,e) 

Straight forward 

TP 1 ■ i 

3 

7,8 



12,13,14 

«Jrly Straight Forward 

4 

17 

5,6,11,18, A 

2(b),2(c), 10 

B 

Mote Difficult 

2(a) 



9,16 

IS 

^ntical Thinking 





-------- 









































































Chapter 9 


P9-1 No solution will be given 


P9-2 


a) To show that no explosion occurred without cooling failure. 
Isothermal operation throughout (T = 175°Q 

Maximum cooling rate: 

Q r = £M[448 — 298] = 142 * 150 
= 21300 BTU/min 

Maximum Q s at t = 0 (maximum concentration and reaction rate) 

AH*) 


= 0.0001167 „ „ 

5.119 j 

= 15914.2 BTU/min 


9.04 




34 10* 


For all t: 

Qj < (i No explosion 

To show that no explosion occurs with cooling shut down for 10 mi. 
Isothermal operation for ! 2 hrs. (at T = 175°C) 


t = 

0* - 2x 


—T—V 

. ^AD A ^ ^ i 


e sZ 2x 

'e.ii-x) 


= 1.276 


0 6 (l-x) 

3.64-2* = 1.276* 3.64(1 -*) 
x = 0.38 

Q s at t = 12 hrs. 


= 0.0001167 


‘ 9.04 I (1-.38)(g <f -2».38) ' 
5.119 

= 77844 BTU/min. 


2.34*10* 


Adiabatic operation for 10 min. UA = 0 

9 -¥ 


after 12 hrs. 


After 10 minutes 
















P9-2 cont’d 


x = 0.385, T = 1S4 5 C 
Q s = 10000 BTU/miii, 

When we restart the cooling flow rate 
Q,U “ 21,300 BTU/min, 
Temperature will drop to I75«c 
No excision 


b) Using the same code as seen in Example 9-4, we were able to change the various 
parameters. The two graphs we have show T a = 70 and 120°C, T, = 160 and 

ate™ - 2 h ^ wt of Peters had a Temperature time 



i ; 

#1 


«Xi. 

'■r 



Example Star' 


up of a CSTR to-1 20 * Ti=^0, Cai= + 2 


L*C,toTJ — | 




T.iDD 


lion 


+ .OO0 
















c) Using the code from Example 9-5, we could produce the following graphs either 
by changing T 0 and finding the steady-state conversion or changing the coolant 
flow rate and finding the steady-state conversion and temperature. These are the 
graphs of those. 


Conversion vs To 


















Temperature, F 


V9-2 coDt’d 



9-7 






































































F9-2 cont’d 


^-6 Ini&grsi Coni r ot kc=24 


KZYi_ 
— T 



KE r; 

-T 


Tiancc- 


Exa^ple 9—6 Integral Control Tn = ^Sj 



e) Using she code from Example 9 - 7 , we can change the values of and x } and 
find values that produce the lowest oscillations and the quickest return to steady- 

state and getting K = ! 50 and r, = . 1 . The foil owing graph shows the result 


— T 


Example 0-7 Pi Controller kq=t50 tau= + l 





mm 


L-S-DC i*3? iK* M3W 


?-F 
















1*9-3 


Hnd ditra to expJosjogi 

Per ehc unsteady. st3! Wcap 

' wc ^ t the fol l0Vrtn 
W Themletisdos^^ . 

00 

Equinon a-61 njdy^ ro , “* ne ^k so ^ fi * Jj 


T>l * -^atli^ss; 
3(, tl},\s I tj 

d ^*~J36 

■=»*-. 76 

F" lr>j 


POLYMATH 


cpi 




- ^aiii-j; - , J 1 ! 5 *'? Iy tl)).--$0 

1 " 4J '-’ aJu4? ■ 9 «; V 97J, ‘ M 



P9-4 


Mole balance: 


A * dt 


-F a + Vr a = 


dN* 

d? 


F co — F c + Vr c — 



There is no A leaving (he reactor so F A - 0. There is no B or C entering the reactor 
so F lsa and = 0. The amount of B and C leaving is equal to the reaction rale so 
F b = Vr B and F c - Vr c . Simplif> r Lng: 


p + Vr = ^ L 

ao a dl 



dNc 

dt 


- 0 


Rate law: 

r* - ~ k C A 

Stoichiometry: 



Simplifying: 

r A V = kN A 

Energy balance: 

dT r A V&H a -F M CjT 0 -T) 
dl 


<t-/° 



Evaluate the parameters: 





P 9-4 toot'd 


JiS'LifJ_ V 

v.3 2) /Si..800 400 j 

£ = 3467 

i9oJiJEf_L.il] 

L 8.3141400 TJ_ 

AH{4Q0) = -8 kj! mol = A//{800) = iff (1200) = AH(D 

We SS?i aCi 2, fW A ° f 20 Jj/moJK ajld there is no A already in the 

reactor. We can plug these equations into POLYMATH and get this answer. 

S'fi 

B TJaciOflB : 
d (na]/dltj=fas^Vra 

/d (D = 11Vi.-fihrij -*... e(1€ . j 

ahjfiq-eooa 

Cpq*iO 
Toc-JQQ 

^ & ^ ■! 3--1-6-7 8 , J J, 4 1 (27 4 Q D -1 /T1 ) 

VrjiT-k *na 


Militia I value 

le-0? 

■Sue. 



f =■ IDO 

1 C- ifl. m. v^L lic 

0 — 

Ire- D9 
40* 
iao 
-BOao 

ZG 

40* 

0.13 


Majcllnuin valuq 

i&G 

326.125 

20L.3fll 

1GD 

-S*0D 

2 a 

400 

-I.Sa-10 


Hi rlaium y .j, 1 

0 

4-o-GS 

400 

100 

-GOOD 

20 

400 

0.19 

-101.76S 


valw 

1GQ 

112.512 
BOO 
100 
-a GOG 
20 
400 

0-3199$* 

-10 0 


N a = 326.125 

When the flow is turned off, F w = 0 and we get this graph of T and N , 

A 


?-/{ 











F9-4 ctmVd 


3*1 



Mi 

Stmibatch problem 
Part fa) 

Mole balance ; 

ANa 

= r#.V 


dt 

Rate law : 
Stoichiometry : 


dNb 


=* n ._ V +■ Fbo 


dt 

-ra =5 k(T).Ca.Cb 

c a = ^ 


dWtf 

<ir 


= -r,.V 


Ct = 


M- 


Cc = 


Nc 


IF (t<50) THEN (V = V 0 + i>.t) ELSE (V=V n + 50) where V, = 50 dm J . v = 1 

dm Voiin 

Combining : 

- m Mi Nb 

-ra = k(J ).-—-™ 

V V 


f - IX. 










coni’d 


k(T) - ko.cxp 


Ifl__l 

To T 


■)] 


where 


ko^O.OldmVmoI.tnin , 
To = 300 K 

Energy balance : 


J^NLCpi 

where Q-W$ = o 

AHra(Ti = AHrK(Tref) + ACp(T-Tref) 
AQj = --,Q,-^.c^^Q?fl = 30-15 

AHn(273) = [(-4i). ( .20>(-i 5 )j. 10 3 _ 
^ -6000 caJ/mol 

SFioCpiCT-Tio) = Fbo(15)_(T-323) 

2>Ji,Cpi = NaCpa + Nb.Cpb + Nc.Cpc 
= l5Na + I5Nb + 30Nc 

^OLVMATH Solution P9-5B partfa) 


E = JOOOO cai/rnoJ , 
R-1.987 eWmoJ.K r 


-15-0 

-6000 

cal/mol 


f - /3 








Fff-5 coated 


li) 
nns : 

d'H a)/aft^rfl*v 
d(Mb[/dl£t"<ra*V) i-fbs 
d(Mcf/d(tl =ta-v 

d(ti /d(t>®( (6aac- i-ira-v)) - (Phans-ET-mjj j/ms-wajMis* 
Hb?+(*0'Ncfc * 
dEx] 

Fbc = i f (t^5G ? then (10>*1$*{E>) 

HmbSOO 

Cbo-ia 

fci«&.Gl'EJcp[ flPOOO/1.967) *( 0/3000-U/T> )> 
va=j^bo/cbes 

V^if [ i< 5 □ > tkcn E SO * •! vo * t) 3 eJLa-c i 10 01 
ra=-X r Ha fc Ml>/ E V*YJ 

C 0 = D - C ( = 120 


f£v^i d 
500 
D 
0 

296 

9 


PS-S la> 

Viriflbi* 

Initial vil'j* 

M&xiimim vi!u« 

Minimum i/illie 

Final Vftliae 

t 

0 

120 

0 

120 

Hi 

500 

500 

0.119721 

0.LI9723 

fib 

□ 

42.6509 

0 

0,139723 

HC 

0 

499.36 

0 

499.66 

T 

293 

510.444 

296 

5ID.444 

X 

0 

o.93sm 

0 

0.999721 

ftw 

10 

10 

0 

0 

NiG 

500 

500 

500 

500 

■Tb* 

10 

10 

10 

10 

V 

0.00093516 

I0.0E51 

0.Q039J&13 

1O-O0&1 

VO 

1 

1 

9 

0 

V 

$0 

10 □ 

50 

LOO 

r* 

-0 

-0 

-0.152221 

-L.966S6e-Q5 


P9-S <*J 



?- /¥ 















cont*d 


]jOOP » 



Part (b) 

As for part(a) except 
Energy balance ; 


*9-5 fb) 
Variabl e 

T. 

Ni 

Mb 

Be 

T 

X 

Fbc. 

UA 

Td 

Mde 

Cbo 

k 

vo 

V 

fJl 


dT 


Q-Ws 


' H Flo -Cpi- < T- Tio) + (-&Hnc(T)-).(~ra. Vl 
'ZXLCpi ‘ ' - 


where Q = UA(Ta -T) UA - 100, Ta - 323 


I nitial Vfll ui. 

D 


Maximum valug HinlanuaB wIt, 


5Du 

Q 

0 

P 

IP 

loo 

323 

SDp 

10 

fi-0D-e&351fi 

1 

so 

-0 


ieo 

500 

*Ck*551 
4^603 
476.255 
0 .939205 
10 
IDO 
323 
600 
10 

5-04629 

100 

-0 


0,397433 

0 

0 

29$ 

0 

0 

LOO 

32.3 

sao- 

no 

0-00E33S1P 

O 

50 

k ».^43013 


lop 

ti-339*3S 
4*9 .603 
309.364 
0.293205 
D 

10 $ 

323 

500 

10 

0-4?OQ4S 

0 

IPO j 

-■?.- 0247^-06 


—i 

I5C.SC 

















P9-5 cont’d 


**9-5 foi 


“ n 



Part (c) 

A$ for part fb) except: 

Rate law : -ra = kl(T).Ca-Cb - k2(T).Cc 


Combining: 




k2(J) = feoexf 


where E = 16000, R = 1.987 t 
ko = 10. To = 300 


PS-5 icS 
Val i able 

t 

th 

Cifa 

He 

T 

X 

Fbo 

Ufc 

To. 

NlO 

*3- 

k5 

ir& 

V 

ra 



value 

HiriiJTTuin value 

XClLLial VS*™ 

0 

160 

□ 

soo 

5 DO 

62.0262 

□ 

103-370 

0 

0 

417.074 

0 

288 

444.050 

290 

0 

0.074148 

0 

10 

10 

0 

1D0 

100 

10U 

313 

123 

323 

5D0 

500 

50D 

10 

10 

ID 

□. 000935-10 

2,30959 

0,00093518 

B L 35lS2ff-D5 

0,004061 

e.lSL52*-DS 

1 

1 

0 

50 

LQD 

50 

-0 

-0 

-■0.33*444 


Final imAU-g 

150 

&2.sm 

62.S262 
*37.074 
103.479 
0 -87*148 
Q 

100 
321 
5 DO 
10 

0.3SS47L 

O.0344-616 

0 

LOO 

-0.0DL32523 


9 - /& 











EJL5 cant’d 


P9-6B 
Fart (a) 


Mo! balance; 



Rate law: 


dNa 

dt 


= —kNa 


- ia = t.Ca 


But Ca_V = Na 


J 


dNa 

Na 



Na 

Nao 


Na = Nao.e "** 
Energy balance: 


where Nao = 0.5 * 50 = 25 


dT Q~Ws-Y,Fi,j. CpHJ -■ Tig) + {-AffiaX-m-V ) 

* XiW.Qri " 

Q = Ws = 0 


constant T 


XHCpifT - Tio) = (-AHrxX-ra.Vj 
Fco.Cpc.(T - Tio) = FAHrx)(fc.Na) 

= (-AHrx)(k.Nao.e kt ) 


—i i 

WO,oc 


9-/7 



P9 6 cont’d 


(-&Hrx).{kNao>e-*) 

Cpc.(T- Tw) 

25000 x 0.00012 X 25 X exp(-OjOOOL2 x 2 x 3600) 
05.(100-SO) 

= 3.16 Ib/s 


Part (b) 

JW- lOOOBtu/lb 
Nao = 25 Ib/mo! 

Vo = 300 ft 3 of which 250 ft 3 is solvent 

f=° 

dt 

Fs. k* - - (-AHraX-i^V) 

i-Mirx). (kNaoe~ b ) 25000 x 0.00012 x 25 X expf-000012 X 2 X 3600) 

ps — ———---— = -—---—— - 

A, 1000 


= 0.0316 Ib/s 



Batch problem 

Mol balance: 

Rale law: r 
Stoichiometry : 


Nao — = -raV Coo -= —ra 

dt dt 

-ra = kl ,Ca 1/3 Cb t/2 - k2.Cc 

Ca = Cao( 1 -X) = 0.1( 1-X) 

Cb a Cao( 1.25-X) = 0.1 (1.25-X) 




Cc = Cao(0+X) = 0 1X 







F9-7 coat'd 



■ l 

_±Y 

w 

To 

77 . 

l-f 

' 1 

_1Y 

lnl 

,To 

rj 


where 


where 


E = 100000 R = 8.314 J/moJ.K , 
ko = 0,002 /s , To ^ 373 K 

E = 130000 J/moL. R = 8.314 J/moIX 
ko - 0.00003 /s, To = 373 K 


Energy balance : 


<J7 _ i~AHrx( D).(-rg r VT 
dt ~ y jVi.Qj/ 

wbere XNi.Cpi = Nao(£9iCpi + ACpX) 

A Cp - Cpc - -.Cpb - Cpa - 40 - 25 - 25 = -10 

a a 


V & /- ■ CaQ r- I ^ ~ l Cw _ 

> tk- Cp* - ——. Cptf 4--0?^ h-. Cpc 

Caa Cao Cao 


= 25 + 0125 / 0i] 25 + 0 = 56.25 


subs 


cancelling 


Allrx(Tj “ AHntfTref) 4 ACp{TTrcf) 
= *■ 40000 -10.{T-29S) 


V = 


Qs<? 


dr [40000 +10.(7 - 298)].(^ra.^j 


dt 


Nao{5 6.25 - 10X) 


£fr [40000 + 10.(7- 298) J.j^j 


dt 


(56.25 - 10X) 


=* POLYMATH 


9 -if 











a 3 6 a 


initial val mc 

0 


P9-7 cont’d 

£40400* [Ill- CT7-33-a h > ) -<-rah*U/0.1) ) / (56 .2S- UES 373 

*K] 1 

fcl-O.QQS'wpi tlDOOQD/5,3U^ f I1/573>-(1/T] }3 
M.lMl-x) 

Cb=0_l-tI.15-se} 

k^G.OOOOS***^ (ISOOOO/B.IU)*! (1/J73) -(J./T) ) I 
Cir=0. l^x 

fac - L tKl*(Ca**D. 5 ? ■ [C5**0.53 3 - £ Jt2*CcS > 

L n " Q | * io 


P9-7 

Vax-iablc 

C 


* 

T 


Cc 

r& 


laltiA^ valu* Hailmga valui 


0 

10 

0 

0.2S0403 

373 

562.91B 

0.002 

106.13S 

0.1 

0.1 

0.125 

0.125 

3 #-05 

366.751 

0 

0.D25D143 

-O.ODQ221G07 

3.3011^^03 


Hin f nn rm value 

Pinal vj.lu.-n 

□ 

14 

0 

0.2504^3 

373 

sfia.9is 

0.002 

las.ue 

0.0749517 

O.07mi7 

0.0399517 

0,099*517 

3 *-05 

366.75l’ 

0 

0,4254403 

-1.7S905 

3,6913 B*—09 



JO*L 

- cj 

- Oft 


Q.lSO 

□-3 30 

□. D 3 tl 



o-odo -L 

Ja 

d.a-jc 1 

O. QQD -,- ._ | 

S.OQD 4.OQ0 


4.000 9-CCC 


q- 


t.coc 


IS .COZ 




























P9-7 cont’d 

Check answer: - — ~ 

4Ca4Cb k2 


_ 0.02504 _ ].06 

V0.07495 x -70.09995 ~~ 167 


0.2 89 



Adiabatic, batch, reversible. 


. dX 

Design equation : Nao~ = 

at 


Rate law : 
Stoichiometry : 
Combining: 


- r.\- k] 


a- 


Cb 1 


Ke 


C A - C A0 a - X), c e = - 2.CAO.X 

ACaoHI- 


„ iiX 

Cao —— — Jts 

dt 


cw a-x)— 


"(l-X) 1 ] 

*> j 






Ke 


Parameter evaluation : E = 


Lrt- 


ki 


In 


0217 

0324 


1 


-84987/mo/ 


R.Ti R,Ti 8,314(340) 8314(300) 

^8.3141340 rjj 


Ist-^L1 I2_ l J 

7 £4(300) = R [^300 _ _ 


?) 


ACp = 2 Cp E - Cp A = 20 - 12 = 8 J/mol.K 

AHrx = AHrs (300) + ACp(T - 300) = - 75000 + 3 (T - 300) 


9-A/ 

























P9*8 coDt^d 


Nao = 0.6667 * 900 * 254 ~ 272 127 mol A 


Energy balance: 


Nio = 0.3333 * 900 *454 = 136 064 mol 1 

C A0 = Nao / V = 272127 / (50 *28.12) = 192 mol / dm 3 

Cps = 10. Cps = 0 A Cp A + 0 a Cp B + OrCpi 


= (1)(12) + 0 + (136064 / 272027)*(15) = 19.5 Jtool 


T — 


f-A77^(300).Xl 
To+ Cp* + ACp.X 


= 300+ 


(- 75000). X 
195+8.X 


=> POLYMATH 


9-e 

gj^jua L j PriJ-: 

I a-xS-U'eao" f Ke)5 

TD=3i>a 

caftaL^-2 

J J 

kI-.SlT*«Kpil«a- U/340-1/T1 ? 
3fcrX«-750DO* |0*(T-'3QD1 ) 

He =7 0 0£ 0 ■ exp (DhJfX/ ft.314' (1/100-1/T>1 

t 0 -». . a 


Initial valu^ 

0 


3-0 

1-Tfl J--i -H HT E 

Initial u*!uc 

val-JL* 

Hiftlrmun Vilu-# 

Final Valut 

£ 

0 

2 

0 

2 

X 

0 

0.0 14 35'? 3 

0 

0.044957} 

T* 

100 

jijij 

30Q 

30-0 

ca* 

17S 

152 

192 

1?2 

T? 

10Q 

-165. TEL 

300 

463,791 

kl 

0.145345 

0.43735 

p.145346 

Q.-197*5 

DhrX 

-7SQ00 

-73641.3 

-75OO0 

-71£<i.a 

He 

TO 000 

703OO 

1.62S33 

1,42632 



d-^ 



- . -2 5 - 

.m- — 




a-I ■* J= - 






5-dcc -^ l — 


e.COS 


1.sSS 2 *73 


< 7 - ^ 2 














p9-8 contM 



Equilibrium conversion , Xe = 4.5 % 

90 % of Xe = 0 9 * 4.5 = 4,05 % conversion 
Time for this conversion = 0.11 min = 6.6 s 
Check: 

4 .Cao 1 X 2 

at equilibrium: Cad( 1 - Xe) = -~ 


i.fio: 3-co: 


(4. CAo i ).Xe i + tJCfcC^-Xr- Ks.Cao = 0 

— Ke. Gte± V Ke 2 -Gkj" — l6.Ke. Cto 3 
using the solution to a quadratic : Xe = • SQa ! 

where at T = Te = 470 K, Ke = 1.625 mol / dm 3 


Xe = 


- (1.625* 1 92) + V(L625) 2 (192) s - [16*(l-6* (192) 3 ] _ 


8 *( 192) 2 


= (1045 


From POLYMATH, Xe = 0.045 


f- te 













P»-9» 


First order liquid phase, CSTR. 


First solve Lhe steady state problem for the heat exchange area A for normal operation 
T = 358 K- 


Mol balance 


(Cao — Ca) dCA 

i—~- L + fA - .—. - 0 

1 di 


■Fi-n. v = ^- = o 

l dt 


Zj /_fcn = _£_£_ 

U 2 ) R.T2~ R.TI 

■11) 


E- 


*<£ 


1 


R.T2 R.T\ 8.314(323) 8314(313) 

94852 =J/ mol K 

948521 


k = l.lexp 


8.314 


(—-i 

1313 T 


=107.4 /min for T = 358 K 


Steady state solution : 


Fao 90000 3 , .. 

1i —- — -=500dm /mm 


Cao 90*2 
V 200 


z - — =-- 0.4 / min 

u 500 


Cao =2 M = 2*90= JSOg/dm" 
Ca — Cao + tA-t — 180 + 0.4 
Cb = - r A t s ■ 0.4 ta 

- tA = k,c A 

C A = ISO -107.4 (0.4) Ca 
180 




a- 


1 +(0.4 *107.4) 


= 4. l£ / dm 3 


r A = - 107.4 *4,1 = - 440 g/min.dm 


I 

m 


9 -- 


















conrd 


Cr = - ( - 440) 0.4 = 1719 g/drn 3 

Energy bailee : *L t ~ Tio) -H-AHrxY-*. ia 

* ^'^*0 

Q - TJA(Ta . T)=(120*60>A(2?3 - T) J/mui 

F«J.C f *.(T-T« o )=9ix)00» ! » cr _ 31 3 ) j /mill 

J _-iaoooo. p5 8- 3|1 nw-,<m,,— n 

7200(273-358) ~ 22 - 7j ” S 


™>ZTJZ saa “ <te[ '"*= «*■»- «« 


sr&a A will give a 


where £m.Qji V = 2 x 900 x 200 060000 J/K 


The POLYMATH results for A = 22 6 m 3 an- ■ 

^□blen PS-gb n III :giv€ll 


►(TAJ 


1 


£gL>tlona_ 

<*(T) *J [ C J . , [72aO*A- (273 _ TJ , 
V >]V[2- 900*100} 

E«llt s | 

^■ca/v 

*&»cb/v 




Initial vai n 
100 
Q 

313 





Initial 

0 






hb 



? -< 23 ~ 














PQ-fl cont’d] 



A sensitivity analysis for different values of A show that a new steady state is reached 
at every new A but at an increasingly higher T. The required A depends on the 
definition of reactor runaway. 


F9-10? 


CSTR startup 

Part (a) CSTR startup, gas phase, isobaric - no pressure drop 
Mol balance : - (.Fao - Fa) + raV 


= (0 - Fb) - 2.ro.V 
dr 



W 



VT 


\Vf = Da + ub 


P 

Fr = C T .i>T= —.ur 


P 

Fto = C TO -1>to - R j o ■ Vro 


w - Wo 


Ft T 
Fto To 


Fto = Fao + Fbo 


Ft - Fa + Fb 





V = 


i>t-T 


t = 500 s 


Energy balance; 


~ = £tL Ln° CpL(T-T t o ) H-AHr*X~™ V) 


UA 


~5J J kgcat,s.K 


blit tg catalyst = 50 kg 


peat 

UA = 5 x 50 ^ 250 J / s.K 
ACp = 0 

^ - 40 . FaolT^ Pip) + 20000 .^™^) 

dt 4(lCa.V + 20lC£.V " 


Ta ;= 300 K, Tin = 450 K, Fao = 5 md/s 


No control ; 

P-oblcin P9 - L 3 B ^ AJ 
cm* . 

di£jlJ /drtl-=[:fl n -£ A | * Initial vlui 

d.;rbj/d( t) = ^-r a |._ ie-og 

e:T>/d[t>«([J5D, (Ti . TJ , o 

<*'C«-Vt.(20-Cb-VM (T-TicIlHUlMOM-rs-vnini <50 

Sa* = 5 

-:a-450 
—=f**fb 
^<5=45a 
tftu* 5 D<? 

S’ Tab*5ao 

| (U«V'.4MJ * (fi,„»,,, 1/f); , 

J s CJioirO- . 25 
:a^rac 

v '0 E £Ap/ea.[3j 

,v **f6 *Tf rfto-Taj 

P 

t*5= £b/v 
’ a =~k*Cs 


5 a fc &, 


C f - 10 














pq^lO cotit'd 


^9 

Vftjiab-lg 

fa 

fb 

x 

fao 

Ta 

Tio 

ft 

TQ 

L*U 

T*u 

K 

CHO 

£to 

VO 

V 

C* 

as 

v 


-i3aiA> 

initial. 


0 

L*-pG 

a 

450 

5 

3QQ 
4 50 
U-09 
450 

goo 

500 

1 

o.is 

s 

id 

4*-os 
0-25 
0 

Je-05 

-0.35 

-SJf.MD-r- 


val^jg WfljcijTTi^ value 
10 

0,01,0*221 
299. 09a 
451-549 
5 

100 
4 sa 

299,107 
450 

soa 
50 0 

1,0252 
■0.25 
5 
30 

1200-55 

^.2SUfl7 

&. 250078 
SD0271 

n-- ob I *p™ JS- 


-*S.^CQ— 

i 


0 

30 

lc-09 

0.00995749 

□ 

259 .098 

445-S3* 

451,543 

5 

5 

500 

300 

450 

450 

le-08 

299-10? 

450 

450 

500 

500 

50Q 

500 

0.9210 $A 

1.0292 

0-25 

0.25 

S 

9 

20 

20 

4-e— 09 

2200.55 

e.a77stfl-o4 


o 

■0.249L3S 

2e-05 

4002^3 

-0.25 




:.s 


ifi.CCQ 


part (b) 

Mol balance : 


dCa (Cao-Cc) -h 

i/r * 


ra 


Cao = 0.1 kmoI/[n : ‘ -^-1 


f-AF 


. . . 















P9-10 corn’d 


dCb (Cbo~Cb) 

- --h ra 

at i 


Cbo = Cao 



dCc (O-Cc) 


t = 50s 


Rate law; 


- ra = k_Ca.Cb 


k(T) ^ O.Olexi 


rioooo^ _ni 

L 1-987 1^300 TJ_ 


Energy balance : ^ " X Fio ‘ Tio) +(-AHrx)(^rg. V) 

d* y^Ni.Cpi 


V *= i> 0 . % = 2 x 50 = 100 dm 3 

Fao = Cao . v<, = 0.1 x 2 = 0.2 mol/s = Fbo (equimolar feed) 

lFio.Cpi.(T - Tio)-2i0.2x (15)(T - 300) = 6(T - 300) 

AHrx(D = AHtx(To) + ACp.(T - To) butACp = 0 

= - 4 ‘000 - 20000) - (- 15000) 

= - 6000 cal/mol 

dT = 6(7 - 300) 4- (6000). (-ra. V) 
dt 15Xa. v +15. Cb. V +30. Cc, V 


PtQblsa 

tinjts: 


f0-l-eq>/50?^r4 
dltbj [0. J.-cfa) /50) *ra 


C 1 . GG1 


Iftjfcifll. valu e 

0 _ D0l 


4 [Ti /d (t) . ( (*. JM) , , (e(|J0|} . ( . 



v-ioo 

fc -° ■ °1’«*K (1000e/1.96-7 > ■ f (1/ )00 j 


?-£9 













P9-1Q conKd 

PTDbl««t 


VaridLbl« 

Initial Vilufi 

KiXimufia V4lu* 

HiaiiBijJii v-a Lllb 

Final value 

t 

0 

400 

0 

400 

ca 

D.G01 

0.07^613 

0.00010274 

0. COO10174 

ch 

O.DOl 

0.0731*15 

&.D0O1OJ74 

0,00010274 

CC 

0 

0.059661 

0 

D. 095304 

T 

300 

3ST340 

300 

2573S0 

V 

100 

100 

aoo 

IDO 

k 

G.Dl 

1&S20O 

0-01 

109260 

r& 

-lfr-03 

-lift-00 

-0 r OllDS7l 

-0- 0015979$ 



Bp-gfeL#* *9-LDe:3> 





Cf-3 0 


















Semihatch problem 
Part (a) 


Mol balance: 


dNa 

dt 


= raV 


dX 

Nao — = — raV 
dt 


dNb „ 

- l.ra.V + Fbo Fbo = Cbo.Da = 4.u 0 


dNc . 

“T“ " V = V D + u, X 


Rate law : 


Stoichiometry : 

Energy balance : 

dT _ Q - Wt - ^ Fit).CpL(T~ Tio) + (-Atfrjr(D). (-ra. IQ 
^ ^Ni.Cpi 

where Q = UA.fTa - T) - 250.(390 - T) 

Ws = 0 

AHrx(T) = -55000 

XFio.Cpi = Fbo.Cpb = Cbo, u„.Cpb = 4*v o *20 = SChj e 

iNi.Cpt = NaCpa + Nb.Cpb + Nc.Cpc. = 35Na + 30Kb + 75Nc 

t!L _ - 0 1229. zllz SQ - U - CT - 325) -t- (-55000), (-rg, V) 

^ l5'Hti + 2Q.Nb-i-75.Nc 


- ra = k.O.Cb 3 
k(T) - 0.0005exp 


"8000/ 


! 

. 1,987 ( 

,300 " 

~T. 


Ca = 


Na 

~v 


Cb=™ 

V 


Cc = 










F9-ll cont*d 


FqiiaE l&na : 

ati) /<U t) = (-ra*V/5fi) 

^Lntl /ti 1 t,>-<a*r*'V| *fbri 
d(nci/d[^l*-pra-y 

dlT ] t) . ([JSO -1 iJO-T] t - (T- 31 S 11 M-SSDOO* [-r^vt 1 

h/( {2C*nbl 4<75 *bcM 

vb*l- 5 

]Ca Q , 0 d 0 5 ■ eXfi L^SQQDyL .9 Si * C H 1 . / 10>3 I- - C 1 /T) J > 

V-10* (vt-’tli 
'■vfa 

caiu/v 
cb»ab/V 
pc^nfi/V 

ra^-fc'ci’[cb^2 > 

* D - c IDDO 


4-11 ■ 
Variable 

L 

□A 

X 

rib 

ni 

T 

vb 

k 

V 

Cbfr 

CA 

cb 

cc 

ra 


TTliTLJLJil VJlILHP 

& 

BO 

a 

0 

0 

*o& 

1.5 

0.0005 

10 

6 

5 

a 

o 

*o 


HjJfi iUi-LTT VA.lllg 

10 OG 
BO 

0.451351 
5500-*6 
49 , £576 
300,102 
1-5 

0.000504079 

1513 

5 

S 

1,90771 

O.031BO13 

-O 


HinlTmun vfrJ.ijg 

0 

0.3j2447 

0 

0 

0 

1E3.591 
1,5 

O,000230017 
10 
& 

0.000220151 
O 

a 

-0-00*1-1 AS* 


1S£- 

— EA 
.. ££> 
^:c 


■*. 0"Q - - 



B.-Z0& n.^CO 


50 

0 

0 

0 

300 


Fi-Ttal 

1000 

0.312^1 
0,953391 
3 900-66 
19.£076 
298-764 
1.5 

a .000472992 

1510 

6 

0.00022016* 

3-30773 

O-D13092A 

-1.540lS*-Ofi 


O.npo i.dgc* 


Cj'JX 




coat’d 


as*:. 

-* 







Tabl , , “ c ° . -r D „„. 

e ^ ■ ^crauns ^ rt Uh for Y-fi o . 

I-—___ ' an and daily Nc - |20 mo!C 

TJh. / *r IT, , _—---- 



T«. f ; , ° f j :> m( 
- J 0 C at aj| times. 













Pfr-ll cont’d 
Part (b) 


If the max. coolant rate fails to 200 mol/min, then it may not be prudent to assume that 
the coolant leaves at the entering ambient temperature, Ta. It should be assumed that 
the coolant temperature varies spatially along the heat exchanger pipes and the 
required term for the heat exchange would be : 


Q — mcCpcui (Tal - Ta2) where Tal ~ ambient T coolant entering 

Ta2 = ambient T coolant leaving 


ro2 = r-{r-rai).exp 



The reduced flowrate and hence heat exchange, may increase the reactor temperature 
to approaching lSO^C. the upper limit, at conversions approaching 80 %„ and so more 
caution is required- The incorporation of temperature control would be prudent. 


mil 

CSTR startup 

Need steady-state values at To = 75*F 
dNa 

Mol balance: —-— = Fao-Fa + ra.V 
dt 


dCa 

dt 

(Coo-Ca), t>o 
V 1 

dCb 

(Cbo-Cb)v* 

dt 

V + 

dCc 

(Cco-Cc)iAp 

dt 

V 

dCu 

(Cw - 

dr 

V 





PjMl cnm'J 


Cb-^ 


Caa m ^ = OJ 8157 lb mol/ ft 3 

Lb 


Cio = -— = 2,2696 lb mol/ ft 5 

Lb 


Cco = 0 

Cuq =-- = 0.22696 lb mol/ ft 3 

Lb 


V = 


1 

7.484 


X500 


t*o 


Fao Fbo Fuo 80 1000 100 

pao + “ 0.932' 1 '345 + L54 = 44€ ' 6ft/hr 


Rate law; - ra - LCa (Cb in excess) 

k = 16.96el2.expf- ^99. -1 

\ L987(T 4-460)J 

Energy balance: 

EE _ ^ ~ ^ ~ y■ Fio,~ + ( — dUrxX^r&.V) 

dt ^NLCpi 

Ws = 0 

Q = m c .Cp aB i.(Tal - Ta2) = 1000 x 18 x (60 - Ta2) 

SFio.Cpi.{T - Tio) = tFao.Cpa + Fbo.Cpb + F M o,Cpw ].(T - 75) 

AHrx = -36000 Btu/lb mol 

iNi.Cpi = NaCpa + Nb.Cpb + Nc.Cpc + N M CpM 

= 53CiV + lgCb.V + 46Cc,V + 19.5Qn V 


?- J5 







E9«12 cont’d 


™ = r-<T-7..),xp(-^) 
f 16000 "i 

= T - 0,41111(T - 60) 

dT 18000(60 - ( T - 0,41111( T - 60) - 22750(7 - 75) + (36000)(-ra. V) 
dt " 35Ca.V ■+ \%Cb.V + 46Cc V + I95CW.V 

=> POLYMATH 


Initial conditions : To = 75, T = 138,5 °F, Ca = 0.03780, Cb = 3.3062, 

Co = 0.0144 , C M = 0.2269 lb mol / ft 3 


If To drops from 75 to 70 °F 


Part (a) 

P-control only: manipulated variable = me 

controlled variable = T 


me = nice + kc.(T - Tsp) where 0150 = 10001b mol/h 

Tsp = 138,5 °F 
kc = 10 


9 -Si? 







£2=12 tout'd 


F9-12 tM.\ 

^T^Eionsi Initial vaLu* 

d LCa) / d [ tl ■ £ [ (Ci*-Ca) " vd | /V) 0 . 0 3 7 & 

d{CbJ M{c}«(((3.45-Cb) -v* }fVi+x* J,J&£3 

d{Cc) /atc> ■ ( [ (0-Cc) *ifD> /V] -ri* „ o 14A 

d LQnJ /ait] - [ ( so»-ai -W] /V? 0,2269 


d IT] 'd [c] 1= ( [ibfi-tfl' ( SO- {T- C-D--<1111* (T-60? > ] ] ) - (22750 VT-To 130 . S 
] ? * r36DO&- ( -TA'V] ) j / 1 (35*Ci-V) ■* (46-Ca-V) * < J.9. S*Cm*V) + L 
l&*Cb*V) ) 

£740=0.10157 
vo=44a. 6 
V= (1/7.484)-500 
Cmz-a . 23696 

k«16. 96*12 ■ exp (“32 400/ {1.90 7- (T+45&* ] > 

0x3-3-2696 

Ta=70 

mcq»1O00 

kc-l& 

T3p=136,S 

■f'HKa * (kc * t T-Tap ] 
s * ‘ ‘f - 4 


P9-12 [*} 

variable 

Initial value 

Ho*L ulls, value 

Minimus valy* 

Final val< 

t 

□ 

4 

0 

4 

Ca 

0 . *3?S 

0.iJ4 32444 

O.O370 

0.0470056 

Cb 

3,3062 

3.31467 

3.1062 

3.31624 

Ci 

0,<J144 

0.133764 

0.0144 

0.133764 

Cn 

0 .2269 

0-22696 

a. 2269 

0,22696 

T 

138.5 

ua,s 

131-65 

131.942 

Caa 

O.13157 

O.lfllST 

0,16197 

0.16157 

V5 

<140,6 

440.5 

440.6 

440.6 

V 

S6.0D92 

66.8092 

65.6392 

66.8092 

Oft* 

0.22694 

0.22696 

0.22696 

0-22694 

k 

24.9561 

24.9561 

18.2D47 

10-453 L 

Cbci 

2.2096 

2.2496 

2.2696 

2-2696 

To 

70 

70 

70 

70 

nec¬ 

1000 

1000 

1000 

1000, 

ks 

10 

ID 

ID 

10 

T3 P 

U8. £ 

110.5 

13-8.5 

130-5 

r« 

-0.943341 

-0.070142 

-0.943341 

-0.602163 

me 

J.OOO 

1O0D 

911.499 

331.41 


9-J7 







i*!g’g*r*s 


P9-12 ef>ntM! 

Part (b) 

I<rontroI only : manipulated variable = m,. 

controlled variable = T 


kc 

fllr = flics + — / 

v 


<n_ 

dt 


= a-Tsp) 


ProbitB! P9-12H 

V ariabl y Enieial v *i a * 


fc 

c* 

Ch 

ct 

Oh 

* 

X 


ft 


0 

0.03-73 
ld0G2 
0 .0144 
0-2269 
13B.5 
0 

0,1S157 

4-10.6 

ee.aesa 

0.22*00 

70 

139. s 
24.3S51 
2.2*96 
lOOQ 
30 
1 

-0-S43341 

1DO0 






3. 375 




j \ 


0. EM;, 


□-9L5 


O.0Q5 




KaxlmLOh valu-g 

10 

v-0£6]_aa3 
i.32461 
0.143 6 17 
3 -22635 
133. S 
Q 

0-16157 
440 . £ 

6t.60S2 

0-22695 

70 

133.5 
2 *,,3561 
2.2695 
1300 
iO 
1 

-D.-ftieo*? 

1-1Q0 

£>9-1 25 


where m„=s 1000 lb moift 
kc =; 10 f Ti = I 

Tsp = 138.5 °F 


values Final VAluff 
0 ID 

0-0376 0.0373531 

2 .3062 3.20H& 

a -02.44 0.143617 

0-2263 0.22616 

127,065 115.439 

-13-&16 -13.515 

0-15157 0,10157 

440.6 440.5 

55.3032 66.3092 

0,22536 0.22636 

70 ?o 

i3B.5 133.5 

14.6734 24.95&S 

2.2696 2.2695 

1000 1000 

10 10 

1 I 

-G- 94724 -0.94714 

064. Si BS4.04 



- 3? 


9 
















Fart (c) 


FF-control only ; manipulated variable = nv 


egn trolled variable = T 


t>ic= tn^^kc{T-Tsp) + :: —I where 1000 lb mol/h 

kc -- 10, - 1 

dl 

-j T ^(T-Tsp) Tsp= 138 5 °F 


Cj - (J-D 



E4J2 cont’d 


PTSbinni P3-L2H 



Variabl 


0.037a 
3.3062 
0.01*4 
0-22&? 
138 . S 


0-0473519 

3-31^75 

0-14361 

&-I2C96 

L3S.5 


Q-037S 
3-3062 
0-0144 
0-236? 
1H.1(S 
-13.50Si 
0.1BL37 
44^6 
Si.BflJz 
0.226*6 


0.D3T5S3B 

3.3053? 

0.14J61 

0-32696 

138.495 

-13.50S2 

0-1,8157 

4ad.d 

tfi.aotz 

0-22fi&S 


Bfi.flQS2 
Q,22696 
TO 

12H r S 
34 - 3561 
2.2696 
10 0 □ 


138.5 
1H. 646fl 
2.2836 
1DOQ 


-0-B?27fl5 

1000 


-0,947£&g 

S64..B9& 


-0,?4?&gg 


,T 


7 - 4 */ 



















PiMZ cont >A 



P^-13b 

CSTR startup 

Part(b) 

Mol balance: 
kmol/m 3 

mol/dm 1 

Rate law: 


dCa (Ctv> - Ca ) 

-= -- - + ra 

dt % 


Cao = 0.1 

= 0.1 


dCb (Cbo - Cb) 
dt T 

dCc (O-Cc) 

-- -- ra 

dt x 
- ra= L.Ca.Cb 


k(T) = 0.01 exp 


loooo f i_ iX 

1.987 1300 rj 


Cbo = Cao 

t = 50s 


dj Q-Ws-^Fto.Cpi[T- Tio)+(-AHrx)(—ra. V) 

dT = 'Zwcpt 




Energy balance : 



F9-1 J cont’d 


V = v D . T = 2 x 50 = 100 dm 5 


Fao - Cao . = 0. ] x 2 = 0.2 mol/s = Fbo (equimolar feed) 

lFio.Cpi.(T - Tio) = 2xQ.2x (15)CT - 300) = 6(T - 300) 


AllrxeO = AHa(To) + ACp.(T - To) bu t ACp = 0 

= -41000- (- 20000)-(- 15000) 

= - 6000 cai/mol 

JT _ 300) + (6000).(-ra. V) 

dt l5.Ca.v + l5.Cb.V + 30.Cc.V 

No control: 

P9-1J lb)l 

& r J '‘^ oaS: tniTU.1 ..In. 

d(dfl) (O.X-Cfl] /S0>*r-a G-&QL 

d(Ch) Mf[Q.i-^bi /SO} Q.OOL 

d(Cc) /dkN [fO-CirS/SGJ-rA q 

d(Ti/dlc3 [(ti+(TO00MH #flO 0 - < - rp.' V] } ] n i 15 »Ca * VJ + [ l £ * Cb* 300 

v=loo 

fc=0-0£**xiH (XOOGO/l.saTi *1(1/300} -tl/Tji} J 

ra ■ -k 1 * Ca * Cb 

*□ ■ e ' E I . <00 


PS-L3 tb]l 

VotriibLft 

laiti*L 

value kaxiznain value 

HinunuiE value 

fj, ptfl l ra 1 Lie 

t 


400 

0 

400 

Ca 

G.O01 

G.0732E1S 

0.00010274 

0 00010274 

Cb 

D . Oni 

0-G733GIS 

0-00010374 

O.0GOl£i74 

C4= 

0 

0-035364 

0 

0.0990 £4 

T 

300 

257330 

3 GO 

257iaa 

V 

100 

1&0 

100 

100 

A 

Q.Dl 

105ZEO 

0.D1 

199230 

ra 

-1 " oa 

- 1* ~0-fl 

-■0.0110371 

-0.0013379S 


9- 9-? 











MJJcontM 


Sc*l 

- T 





The results without control, indicate a runaway reaction, as T continues to increase 
after the concentrations have approached their steady-state values 

Control aspects : assume that the operating T should not exceed 550K, the 

boiling point of the liquid. 


Without given data for heat exchange : 

Try manipu I ated vamble = Tic (inlet feed T) 

controlled variable = T 


P-coniroI : Tio = tF(T<5 50)THEN (300) ELSE (Tioo + kc. O' - Tsp» 

where Tsp = 550 K, Tioo « 300 K, kc = -10 

=» Ti o man ipuJ ation not feasible for T control for 

any kc (requires Tio ~ - 2000 K) 


7-W 













^^XScont’d 


ibj 2 

d (C»>/d<t>-( (O.i^ca) /tiuJ , 
d<Cb) /a 11) = i < o - >tai±l ,.- a 

j * 1 ism ’<^* v >>>/<[«■»•¥>*u t so 

tap^SSO 

ve=J£ 

Tlao=3Q0 

r*-k^Ci*a, 

F^n-O.i-Vtn 

V'tlU^Vo 

0 ' i * *&<j 


&. a 0 c-i 

a.Dfioi 

$ 




T 


°S"L3 i 



c"SS^f “ e ; ”■ <i,llw voIum ' tri ' 


controUed variable = X 
P-contro] 


: u - = * <T<S50, THEN (2) ELSE + kc ,(T _ Tsp)) 
where T S p = 550 K, = 2 dm 3 , fc c „ 10 

T i n$cn$ i a ve to u 0 for any kc 












P9-i3 coni*d 


Sc *L »l 1 □ " ^' K " — 



It is concluded chat the addition of I-action will not improve control and that the only 
feasible control strategy is to add a heat exchange device , and to manipulate the 
coolant flowrate for T control. 


F9-14 p 

CSTR startup 

Initial conditions : To = 75, T- 13&.5 % Ca = 0.03780 , Cb = 2.12 * 

Cc - 0.0144, = 0.2269 lb mol l ft’ 

Part (a) 

If T drops from 138-5 to 133-5 °F 
As in P>12s except: 

dCa Fao - Ca- U& 

.—zz _——— + ra 
dt V 

Fao 1000 100 

” 0-932 3-45 1.54 

dT _ 18000(60 - (T - 0.41 11 1(7 - 60 ) - (3 SFao + 19950}.(r - 75} * ( 360 Q 0 )(-m. V) 

di ~ 3SCa. V + 18C£- V + 46Cc. V +19,50?- V 

1-control only; manipulated variable = Fao 


9- H 











contmlled variable = T 


Fap - Faoo +—/ where Face = 80 ib mol/h, 

say kc = -0 2 , T[ = 0.1 
dl 

~^ = ^-Tsp) Tsp = 138.5 ®F 


S-14 [A I 

■ faTHifl t Lnci-ft: 

itt'aj ^ h f (Fa*- /V) 

d rebj Ai[c}- (r < 3 . -fls-ct-j -w&j /vj 
d(dcl /d{ t J = I ( [D-gC] +woj /V) - ra 
d re*) - (r (Qno-cmj /in 

4 ' tar * li * (6<> -*-«. «m* mom ,, j - < i 

fT-ToM 4 <3*000' [-rw> ) J / f «S*Ci-V) ML^Cb-V) * [ 

fi*t 4 -V)+(19.5 •<**¥)) ,M 

d I rj ^d-| ti 
Vc f1/7.43* J *50p 
. 23 696 
ac=10fl® 


T* = 75 

C4o=d,lflIS7 

lt = l« .9fel2'«Q>< -32 UP/ (J , <T»460)» 

Cbo*2-2£&6 


TrijhlaL y.ijije 

0.D13B 

2.13 

fl.OU 4 

0-3263 

133,S 


0 


*££=«.0.2 
£4fcl*q.i 
PaL>o=&r? 

»=-k+gi 


Fao=Fflo04((h£y tauT]+rf 

wo=tFao/fr t 9J Z )* 35 j BiB 


3-1* <a] 
v-a liable 

t 

Ca 

£b 

Cc 

On 

T 

I 

V 

CtUD 

me 

IM- 

Tsp 

Cftb 

k 

Cbo 

kc 


Z^lbiaL 

O 

0.0J7g 

2.1? 

D.0H4 

0.2263 

13^.5 

0 

56.5093 

0.?2&5£ 

10C0 

75 

133.5 

C-L83LS3 

1S-H17? 

3-2696 

- 0.2 


--langnjiroUie Ni nimUm value Final vn] 

0 


HO 

0.051674 

1.3-0333 

0.IS1375 

0-2263e 

14*.77J 

■0-3*1055 

^ 6-0032 

0-22630 

1000 

75 

t3Q.$ 

0. L31^7 

33-1031 

2 . 269 * 

- 0.2 


0.0J&9B45 
2,12 
0.01*4 
0.236S 
129.556 
-2.a:30J 
S6-E093 
0-22696 
1000 
75 

136.5 
0.16157 
16..5058 
2.2696 
- 0.2 


L0 

0.0379332 

3-306*6 

0.143535 

0-32636 

130.5 

0.0248276 

66.3032 

0.22696 

1*00 

75 

13B.5 

0.18157 

1*.9S$1 

3.3596 

-0.2 


<?-•</7 



P9-14 cont’d 



0.L 

G r l 

3.1 

O-l 

Fmo 

a ci 

60 

60 

00 

n 

-D . 74-9-071 

-8.7jam 

-l.Dssei 

-0.34G5S6 

Faa 

50 

03.6737 

73.210 

73.350 

Vn 

440.637 

444.585 

433.796 

440.£04 



3- L * - r *> 




-4? \ 
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P_9 -14 cantM 


Part <b} 


I-control only 


M’14 lb | 

Va-ri^Lbl 0 

E 

Ca. 

Cb 

Cc 

On 

T 

I 

Cm 

*VD 

V 

me 

Fal 

Tsp 

It 

CSX? 

Tl>o 

taul 

ra 

Tt> 


manipulated variable = T 0 
controlled variable = T 


To s? Tq 0 „ + — i 

•u 


d{ 

-^^(T-Tsp) 


where Too s= 75 °F, 

say kc = - 0 , 2 , t[ = 0.1 

Tsp = 138.5 °F 


Initial 


a 

0.017B 

3,i0&2 

0--O144 

D.2263- 

13fi.S 

D 

G-1E157 

da-5 ,6 

£6-3092 

0-22696 

14*0 

to 

lift.5 

24.9S61 

2 ^ 2 f 3 £ 

7& 

-0,3 

-0-943141 

75 


b La-viauBL va.1 

IQ 

0-042543J 
3-31057 
0 . 14*329 
0.22696 
139-035 
fl-031149 
0 - Iff157 
44*.& 
St-E092 
0-12694 
LOGO 
60 

126.5 
2S.5704 
2.2696 
75 

-0.2 

0,1 

-0-9G7S31 

77,6242 


a 3-:* :d 


Minimum V&luc 

0 

0 .0372*12 
3,3G&S7 
0 .C144 
0.2269 
135.24 
-1-31203 
0.1SIS7 
440.e 
66.0092 
0 . 22$96 

1000 

55 

13SL5 
21.4966 
2 .2636 


75 

- 0,2 

0 r I 

- 0 ,555132 
74,5357 


PiruiLl yj 1 u t 
10 

Q.0379SJ4 
3.lPS3fi 
0 . 143G3.0 
0.22696 
116.5 
- 1,11674 
0-IB1S7 
440.6 
£6,0391 
0 - 226&6 
1300 
5S 

ue.s 

24 -95SL 
2.2635 


75 

- 0.2 

0.1 

-0.34TU4 

77,2735 


A 




V 


>fi.5CO J- 


I 

?S.9CQ 


J 


300 


^.^3C 


t" 


3.000 


J.QOT 


®- UDO 


jO.qdc 


9-^f 













CSTR 


NH^NOj 


^ N a° + 2H 2 0, 


^ODiuffmitme nitioq S o*ide 

A B 


Feed, mo = mao + meg = 0.83 mo + 0,17 mo 
dMa 


steam 

C 


Mol balance 


steam* 
Rate law: 


dt 

dMb 

dt 


= imo^O+ra, V 

= G-mb-ra. V 


fmoo =: 1 7 % liquid water in feed) 
Ma = Jb A, mao = lb/h A 


Jcaviag: 

Pf - !. J.e. all of A easing isms. bu , is some Wtil% i|Kjde) 
dMc 


dt 


- — mc& — me — 2 , ra ^ ]/ 


l^viag: = 

mine SH water entering wjtli the ammonium nitrate leaves as 


-ra,V = k.Ca.V = k.Ma 
ini 




E _ E_ 

A T2 ft, ri 




1 

E.T2 rti 


z*(m 

_ 15.03 ) 


1-98 7(560 + 460) 1,987(510+460) 
- S850OBtu /Jb mol 


Energy balance : 


& — 0-53. ax .1 _i V 

L \ 510 + 460 


?- j~i 








F9.-15 cont»d 


JT Q-Ws-^Y, mio ' C P ^ T _~ Tf °) ~ mco - ( M ~ + AgraX-ra- V) 


Jr 




Part [a) 


where Ws = 0 

Q = UA.(Ta - T) 

XmiOrCpi.(T - Tio) - mao r Cpa-(T - Tio) 

= 0.33 x 310 x 0.33 x (T - 200} 

mecj.(Hi - Hio) = mco,[H £ (T) - Hi (Ti°)] 

= 0.17 x 310 x [{1202 + 0,47(T - 500)) - 168] 

assumes all liquid water in feed leaves as steam, 

H g (T) = + Cpc.fT - Tref) = 1202 + 0-47-CT - 500) 

Hi (200) - 168 Btn /lb 

XMi.Cpi = 0.38 Ma + Cpb.Mb + 0.47 Me 

From ChemCAD HI physical properties systems: 

Cpb <KjO. 516"F) - 1065 1IH K.(^ Bm }( 0454 -4}(|i?) 

= 0-44 Btu/lb NjO- ft 


at t - 0 Ca * 500 lb, T = 516 °F 


dT 10000- (51 5 - T) - 97.77(r - 200) - 5X7[(1202 + 0-47(7" - 500» -1681 + 

0.3 8 Ma + 0 44. Mb + 0 47 Me 










F 9-15 co fit *d 


d fMi> /d ttl = HLfl'Q. f53 HtaV 
d | JCb | / d | £ | e —mil— r - ^V 

/d<tl e-acQ-mc- I 2*taVj 

d [T Wd< L) -■ | f 1Q0QQ* i SlS-f) ) - (S-g l 77- (T-20OJ ^ - [52, 7* [I2Q2-H0 
- 47 * [T-S30) * )-ttiA)«{320'[-riV] ))/i l (0 „ 3B*Ka* * <* ,44*Hbj * 
(0.47*»c> ) 
nhccs--31D . J.7 

3 1 $ ■ Q . 0 j 

k=P. 53 -e*p[ 44 S 40 *( [ 1 / 970 J-( 1 /<T+ 4 A 6 )))\ 

Oii>-3Ba.D 

»C-»dt>*[ 2 *i&flnS 


IftitjUl vj. lue 

500 

0 

0 

Si 6 


*0 * 0r c f - io 
PS-IS gat 


V*bi.Ablfc 

Initial value 

Ka..>:i.m.'.un Vfllu* 

Ifinisma value 

Pjl£ia 1 , r 4! 

£ 

0 

l* 

0 

10 

Ha 

500 

5*0 

337.047 

339.*07 

Kb 

0 

1 * 0,533 

<5 

100.531 

He 

0 

2Q1.SGG 

0 

201.000 

T 

5l0 

£10.255 

514.. 150 

514.1S0 

□EO 

52.? 

£2-7 

52.7 

52.7 

tMO 

257,3 

25?. 3 

257.3 

257.1 

It 

0.?020&? 

0.7*003 

0.04475* 

0-6447S* 

mV 

OSl.'ll 

-257.301 

-302.037 

-257.101 

mb 

2S7.3 

257.3 

257.3 

257 .3 

&0 

5*7,3 

507.3 

5*7.3 

567 ,3 



□.□07 2-MC ^.QOQ fi.DQO B-iOfl ECLOOt 


? - S3 













P9- IS cont T d 


Part (b) 


jtO— 



UA = 10000 Btu /h-fl? 

P-controI only : manipulated variable ~ Ta 

controlled variable — T 

Ta - Tao + kc.(T - Tap) 

where Tsp = 5I6 D F 1 ke = -5. Tao - 975 °R = 515°F 



y-5f 










P9-15 cont > d 


S9-1S 



Part (c) 

UA = 10000 Btu /ta.ft 2 

Pl'Control: manipulated variable = Ta 

controlled variable = T 

fee 

Ta = Tao+kc.{T~ Tsp )+—. / 

If 

~ = (T~Tsp) 

dt 

where Tsp = 516 T h lie = -5 T %\ = 1 * Tao = 975 °R = 515 °F 

Var 5,-afel-a Ifliclftl yalM HMiaum value Mi ciLmum Vfl 1 F4H.au 


t 

0 

10 

0 

10 

ha 

5&0 

SOB 

lfid.32 

3*fi-12 

H* 

0 

131.6B 

a 

133,66 


0 

367,359 

□ 

2*7.350 

T 

Sid 

S-16-22B 

515.87B 

515,930 

t 

& 

0-0557D3 

-0.363513 

-0.3*351 

M 

500 

757.350 

50 D 

7 67.3 53 

Tsp 

51ft 

Sift 

516 

516 

k 

0.7O2B57 

O.71DJ04 

0.G99B67 

0.703772 

Taa 

5L5 

515 

SI 5 

515 

TTifl-DO 

lie 

110 

110 

310 

nag 

2S7,3 

SS7-1 

257.3 

257.1 

kc 

-5 

-5 

-5 

-s 

taul 


I 

1 

1 

raV 

-151.41 

-357-4*7 

-354.153 

-257.447 

nib 

SS7.3 

257,1 

357.3 

257.3 


tf-ST 












P.9-1 S tunt'd 


iJ 4. 1*9-1 




Part (d) 


L)A = lOOOQ Btu /h.ft 2 

Pi-control loop 1 : njjmipuJated variable» Ta 

controlled variable = T 

t r l 

Ta m Tao + icl.{r - Tip) + 1 1 


£1 

dl 


= (T~Tsp) 


where Tsp = 516 °F, fee l = -5, T ( ] = 1 , Tao = 975 °R = 515 *F 

PI-control loop 2 t manipulated variable = mao 

controlled variable = M (= Ma + Mb + Me) 

9-^T£ 









F9-l5 <;ontM 


mao 


rnnoo +- kclAM — Msp ) + 


kc2 
VI ' 


72 


dll 

dt 


(M - Msp) 


PS-15 (d> 

where Msp = 500 lb K 

kc2 = 25, Ti 2 = 1 

, TD3.00 = 310 

variable 

Initial, value 

Mfljciswj* value Miriif*u«i value 

Final Va 1 Lift 

t 

0 

13 

0 

10 

ifn 

SCO 

5 U □ 

366.32 

366,32 

Kb 

0 

44.53*5 

0 

**-5573 

Ks 

0 

as l1157 

0 

09-1157 

T 

S16 

SL5.220 

Sl5.S7B 

SISj 998 

12 

0 

o.assess 

-2.090L2 

—2.O90LJ 

11 

0 

D.GSS«442 

-■□-369506 

-a.365ti06 

H 

SOO 

500.416 

4*3.317 

499.*** 

Jlsp 

Sod 

530 

500“ 

500 

T=p 

tie 

SIC 

SIS 

516 

It 

0,702059 

EK71MSS 

0.69807 

0-7027*2 

Tito 

SIS 

SIS 

515 

51S 

HU1M 

310 

310 

31D 

310 

kc2 

25 

25 

25 

25 

kil 

-S 

-5 

-5 

-5 

CauU 

1 

1 

1 

1 

uuI3 

1 

1 

1 

1 

ra.V 

-3Si.43 

-257,447 

-254.3** 

-257.447 

Ta 

SL5 

SLG.ggg 

513.043 

616.550 

CCblD 

3 ia 

320.7*5 

257.3*2 

257,397 

mb 

3 IQ 

330.70S 

257 ,397 

257.397 


53.494 

6 S-SB72 

S2.719B 

52.71*8 


583.4*4 

707.104 

S67.513 

567-513 



f-3'7 



F9-15 cont’d 






i 

Q. COD 


S r b^O *.WQ *.DOO B.QQO 


F9-16 

a) Plot FL(T) vs G[T): 

R(T) ** UA{T- T a ) + pv fl C,(r - T # ) 

G{T) = -AH lb VkC A 

Evaluate the parameters in those equations: 

Jt = 2 * 7.08 * IO 11 exp(-3Q00Q/1,987 /1) 

A Hu = -lOQOOBTUllbmoi 
p = SQlb / ft* 

UA = 150*250 = 37500 

Use ihe following POLYM ATH program to achieve the correct graph. 


- dTT 





£M£toQt’d 

ds 

V=4fi 


C^o*0.5 

vo=<ao 

UA^=250*l5o 

T*^S3Q 

rhfl=S0 

Tp=53a 
E*30fl&O 
*1=2’7. ffff *iq 

tiM^V/vt. 


'H^epqU-B/X, JST/rj 


Ci=Cag/[I*t au « fc j 

E2S£r—-«- 


Pp 


c, 

f = liQ 


52a 


Sc*L« -r 


3-]« fji 


£ETil 
-Or 
- &5 


5-GOO 


’■-GOD 


2,/KJO . 


-O.B0C 



Q.ooq 


folSlbg TO?Y^TO“^;' f " d e **£ 'fates. We can me the 
*= design equation foraCSTtt and the tetnpeXH^ OfKS'g? 

V = V ° i^AO ~ Cj ) 
kC A 

RiT)~G(T) = Q 


9-S-? 



F9-16 contM 


Bawitiopa; 

t «vo* (ca*-CnJ /V“k*Ca 

£ m »QT-QQ 

itoe4DD 

EU>3.5 

V-40 

E±3O00O 

H*=ilSG*250 

Ti=53i> 

rhfl=50 

TO-S30 

C^ 1 *. 7£ 

dJiLTtn® -3 00 DC 

*=■2*3 - DBfcIB"U'fl?5J3 (-E/1.9B7/TJ j 
0^*-dhrTm^V»k'C« 

Ox^CJ*" tt^-TA}+rho*vo* (T-To} *Cp 


B-jfr □ 


kgUil E CH- - 

MfrTL-Malr U-*l ^ 


c* 


t 


Tfl 

*dD 


0-5 

V 


£ 

3O0&0 

u* 

37&0O 

T * 

530 

r hkfl 

50 

td 

23-D 

Cp 

C.71 

ijr»F 

-3QOOO 

N 

1 

Oq 


& 

*430iJ 


rc :■ _ 

-a r 32*-i* 

-2 L 9l*-C9 


VD 

C*D 

v 

£ 

** 

^ hiB 

T-D 

C3 

qjhw ■.* 
4 

aq 

A** 


LB^ i 

■■■j i -.r _ ^ < > _ B 

2.1:3* 1!7*"I.S 


*5 

K0M 

^Kfl 

!K 

5= 

£3= 

i,?5 

-u^coc 

2,1. AS 3J?-*aii 


e« 

T 


■“O 

<*□ 

W 

E 

u* 


■rfiii 

T* 

CD 


O' 


Ld-I-u< l P** ' 

U«S-^- __ 

■C. 3*B*29 * --■■ ri?r~ 3 H 

-i.5^P*59 

*£c 

£L5 

ia 

30000 

3>S0O 

23d 

5Q 

£30 

-3O0® 

5. 1 ?BS3*-0& 


The exact values are: C A ~ 0.425 T - 547.1 R 
C A = 0.319 T - 571,3°R 
C K = 0,068 T = 628.6°R 
The extinction temperature is around 555*14 


c) Using the unsteady-state equations for a CSTR we get the following 
Mole balance: 


dCjl _ V D (^ ^*a) _ 

dt V 


Energy balance: 

dr uAfc - r) - - r 0 ) - AfJ^fec^v 

~di~ pvc. 

From these we can plug into POLYMATH and come up with the following 


9 - 4 >o 












P 9 - 16 cont > d 


Equafciqna: Thine 

d [fiij tAiD =irt5*{eao-ca] /v-k'ca D .ASM 

d [TJ [t] =(UIL* m-T) -rho*vo'Ct* [T-To) -dhr*n*k*t:**V) / {rbg* £23 .MS 
V*C&> 

d (TlJ (t| ■ { J* tau*fc*ca- (1 +kappa) * (T-Tc) 1 / tan G2S. 6 45 

vo*4Gft 

dla-ftn . 5 

V^4B 

w^so^asa 

Ta=539 

iboa&O 

Cp*.75 

Ttt=530 

ahtm=-3 GGQQ 

E=3QQP<? 

ft=1.3B? 

k=2 ■ 7 . Oft* LG' - I1 ( -E/R/T) 

cau*V/vo 

-dEunta/rluo/Cp 
kfiupa= LTA./ rh.j / VO/Cp 
Ttn (T*-kAppa+Tto) / [ 1*kAUP*) 

"o - c f = « 




F9-16 cont*d 


■SE&- 


— CJ 




t0T = 547.5°R we get the following graphs which show a stable 





l*J lit*. 
















EHicont’d 



T ° = 520 ’ T “ 62< * iT stabilizes towards the lower steady-state. 

= 520, T = 547.5 i$ stable. 

x I Md ?l PhS f ° r C * " d T tovE been created so »e just reed equations for 


dt i 

dy_ 

di T 


where 


•£• ~ 7.1 
iV = 14.21 


<f-&3 







ESilicont’d 


M - 3,5 

T- — 

v o 


then 


jel = 


yl = 


0.0684 

y 

628 


Plugging this into POLYMATH gives the following graphs. 

9-1* t«) 


Rpiafcignj : 

di^O ) /d 1 1} =vd * [cflo-ca) /V-V' ca 

d(T> /dttj - (-T^TO) -dhrfa*Jt*e4*YJ / [rbo* 


lP 4 tLil Talua 

0-OS6K 

h&.cis 


v*c^i 

d J *) f& [ t J - { -L*X4HJ^ J*y> /t*u 

d(,y> [J- fL-Ll *X- CM-H> *y)/lau 

t?q*4Q D 

-TM f - 5 

V-4fi 

OA-150-250 
Ti*S30 
th*-50 
Ct»“-75 

riflvr ra ■■" 3 -GAG fl 


- 0.02 

-2 


L-7.1 

H-lt.21 

103.5 

S-30000 

yl=T/4ie 

wl-x/ T 06fl4 

*7.00■ 10~ II fc *X£?(-g/l. 357/T> 
tiu-V/w 
j e. -dhrra / r/Cp 

c a - *f . « 


9 '^ 



P9-16 cont’d 



f) No solution will be given, 

g) The following J^LYMATH program gives the linear analysis of the problem. 


L s 1-02 L M = 251, N = 2.51, t = .12, J = 800 

9-L£ 

E quation*- I p.it ial 

£ [£4) /d (Ej =va * {tao-c^ ? yTT-fc* cn P, P6B4 

d [Tj /d [m * [OT * it* -T] -rhO*Vd ^Cp* (T) -dhi?£B *Ji*C**VI / [ rt» * 62 6,646 
VCpJ 

d/d (t] a [-L^3 c+-n/J* y i fK&u P . P2 

d ly ) M [tl ■ [ J* (1 -u) »3t- [h^CT) T y> / tiu 2 


Y&*4flG 
cao=.5 
Y*19 

ttA<S0*350 

T*«53D 

rlsa=£Q 

Cl£ji:.75 

T?o=59£ 

<nufKQ'-^ ofloo 

Lnrl.021 

H=2.SI 

HO.S 

£0*POP 

**Z*7,Dfi"Kl~ll 

Cu =>4.042 53 

T3=-&*7 

.Q$*L0'1L*gxj>J -E/l. ! )57/fc) 
frl-y/Tl* 
xl -}C/Cm 
LflM-V/VO 
J« -dhncn/rhb/t&i 
ir=L'H-W 
t’-L+H-H 

k^pfhh irDtA/ rtio/vo/Cp 

TC* ITi* tnj>pa-Ta | / [ 1+kappa) 

OfT=J' uu *k’ca/ 

Or - f 14-AApSML * * i| T-Tc) /1 an 



?-£.r 



F9-16 coal’d 


d^E.DCD—- 





S75.DO0. 




















! . * .r JB . Si . 


cont^d 




ScjJir: SS 3 *- C SO __ 
--1 




<;C- r ^o«-L».j r 


m 




?-(>7 





















P»-17- 

Batch reactor - series reaction 


MoJ balauce on A : 

dCa 

—;— = ra\ 
it 

Mol balance on B : 

-ral = kl.Ca Ca = Cao.exp(’kl.t) 

dCb 

, - rb\ + rb2 

dt 

rbl = - ral = kl.Ca and -rb2 = k2,Cb 

dCb , 

- Al.Cai>.exp(-i U) - *2 Ch 

Mol balance on C; 

dCc 

—— = -rbl 
dt 

A 1.987 boo tJj 

kl = 4.5^J 21000 (J^-l.)) 

\ L987 \500 TJJ 

Energy balance: 

dT _ Q + (-AHncal)(-ral V) + (-&Hrxb2)(-rb2.V) 
dt Ni.Cpi 

Q = UA,(Ta - T) 

BiiCpi = Ca.V.Cpa + Cb.V.Cpb +Cc.V,Cpc 

dT UA (330-r) + 55000(''ml.V} + 71500C-r&2.y) 
dt 200 V.(Ca+Cb+Cc) 


9 - ^ 








£3^17 tout'd 
Pattial 


UA = 0 


— ~ n^SCMQt-nmL) + 71 500(-rbZ)] 
** 200. V. [C'a + Cb + Cc) 


»-i» [*) 

gqu^tlorn^ 

d(Cct/d(t)^rtu 

diCbt/ditJ^fai^hj 

<*(r) /di t J - [ ([ft- (3 J0_ Tt J , f s^n*n 

J i f200-v* (Cjt^CbtCch I 1 , * f71SOO 't-rt>3'V)i 

V*io 

rAU-Jtl^Ca L [l/SQQj-^i/^j, j j 



initial V«1„. M^- inhan] VaJii- 
* 



e. l?o 


O.JCQ 


?-£? 














Pft-I7 cont T cl 





Part (b) 

UA = 10000 J/min.K 

Sc±l*t L D ^ 


V= 10 dm 1 



-C* 
■ ■Co 


a. i za 


o.ota 



9- 70 



















E£il7 coat'd 
Part (b) 

UA = 40000 //min. (C 


V * 10 dm 3 


to 





Part (b) 

UA = 100000 J/min.K V = 10 dm 3 



9-1i 






















1 


9'7A 



£M2 coat'd 


s? 0.Ko- r D9 “ i;r 

its. i 




^batch with paralIeI reaEtion£ 


bsI^JlQ; ■ 

m ."*- 




dtta 

~^ = F*>-i-(rl + r2).V 

dm 

- Ffcp + Ol + r2). 7 

dNd 

~T—= ^1.V 
(& 

dNu 

ir^ rZV 

“ rl = kl.Ca 

-i2 = t2.Cb 

*1 = lOOO.exp'-i^J 

*1 - 2000.exp^-i2^j 


' 7*3 


9 

















P9-l8 cont’d 


Stoichiometry: 


Energy balance: 


£ 

It 

Cb- Nh 

Cb ~T 

a*™ 

V 

ii 

3 

V = Vo + va. t + vb. i 

assume Vo = 0 

Fao 

IXI = — — 

Coo 

* Fbo 

Cfeo 

Cao = 5 mol/dm 3 

Cbo = 4 mol/dm 3 

V = 1*0.1 

, Fao 

where = 


+ ~Cbo 


But Fao = Fbo (equimolar feed) iio ~ 0.45.Fao 

V » 0.45 Fao.t 


dT g-Hfj-X Fio - C P^ T ~ TU> ) + (-Atfrx(r)) -(-/* V) 

dr 

where Q = Ws = 0 

AHrx(T) = AHix(Tref) + ACp(T-Tref) 

si 

ACpl = —, Cpd - ^-.Cpb - Cpa = 50-20-30 — 0 
a o 

AHixlCD = - 3000 cal/mol A 

ACpl - -,Cpu-Cph - Cpa = 40 - 20 - 30 - -10 
a a 

AHm2(T} = - 5000 - 10.(J - 300) 

! tm 

SFio.Cpi,(T-Tio) = 20.Fa0,(T-Tao) + 30 J=bo.(T-Tbo) 
XNi-Cpc = NaCpn + Nb.Cpb + Nd.Cpd + Nu.Cpu 







PJ*zI_8 can t s d 


__ t T Too) + 30, Fbo.( T - Tbo) + 3QOO.f-rJ. V) + [5000 + I0f?-- 300)](-r2 V) 

20. Na + 30. Nb +■ 50, Nd + 4(1^7- 


Selectivity S ^ — 

r2 


Part (a) 


sensitive to Tio. TtelSofk fSi' k 2 dicllress'' Midi ?' ° '” lp ' T) b “’" is 


Choose Ti = 298 K 

H-li (&] 

igfla= 

d Lb* ? /-e (t i ^ [ f rl *r 2 > "V) 1 -Ps.n 
etNb]/d| B )=t(rl*r3)-Vj-Ffto 
^ I tai} /d [ t f»- rl *v 
^ £lA<J /d.( E) =-«jj2' _ v 


Tao = 298 K Tbo = 298 K uo = 20 mol/mit, 


aiTi /d(t >-(f“20*Fao* IT-Tanj J - (J0*Flo* (T-Tt»J J *fi900- ( -rl* 29fi 

V) )*( (S000*,10 - (f-*00J *V) ) (20-NM*[S0*Hd>*(4 

0*W»h, 

‘fa.DEi 2 9 S 
^ba=230 

*WOa&«e*;p|-_;j Doo/T j 

^0=20 

Paopcvo^-q , 45 

^*=0.4S*^ a- o-¥£ 

Ct-Mb/V 

-Cb 

r ^“ - t2»Cb 


Clal v&lug 

O.QDl 
D. 001 
0 
a 


o. ai. 


10 
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P9-18 cQQl>d 


^ ial v-ali-Lr valua Kinuffufl] val^j^ Fi nal value 


P*-iS la.\ 
VAxialil e 
£ 

Ha 
Nb 
Hd 
IJu 
T 

Tao 
Tbo 

k± 

St2 

V4 
Pud 
V 

Fbo 

Ca 

Ch 
Oil 
Cu 
rl 
£2 
£ 


-C* 


i£XL 


a .01 
0.001 
0 .001 
0 
0 

29 a 

298 

238 

L.21535 

0,0049059 

20 

44.4444 

Q-2 

44.4444 
0.005 
0 . DOS 
0 

0 

- 0.-00608474 
-O.OOD4245j 


1* 

rMULS 

17.0419 

307.117 

40.9212 

302.267 

230 

230 

■I l 002 71 
0.506479 
20 

44,444* 

200 

44.4444 

1.08957 

1.08957 

1.91051 

0-214110 

- 0 . 06400474 

'0.00042151 

14.1323 


0,01 

0.001 

0,001 

4 

Q 

238 

238 

238 

I. 21635 
0.0149059 
20 

44.4444 

0,2 

44.4444 

0.005 
0,005 
0 
0 

-2,70229 
-0.235535 
7 .90302 


10 

9.8613 1 

3,86331 

3 87.1J.7 

46.121: 

3G2-20T 

291 

291 

4.O0JTL 
0,-500478 
20 

44.4444 

20G 

44-4444 

1.0493105 
0.0493165 
l .S-3080 
0-234106 
-0,1974 

-0.0J43777 

7.9 01*92 


14.1329 








a.ocn 

1 .SCO 

■j.-BC; 

□. +CG 

0.OOD 

LE3.7CO 

I□.SCO 

I 2.00G 

l □.'■□□ 

8,803 

7.2QQ 
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RMlcout’d 


JtELaco- 


*9' IB E 4> 


- r 


Part (TO 
Let the rale laws be : 


Let the rate laws be 


Let the rate Jaws be 


k* the rate laws be: 




-rl-kl.Cb ~t2 = k2.Ca 

* No change in the system. (S - 7.g) 


- f 1 = fcl.Ca.Cb 
' rl = fcCCa 
■ rl = fcl.Cb 


-12 = k2.Ca.Cb 
-12 = fc2.Ca 
- r2 = k2,Cb 


Small selectivity increase. (S - 8) 


- rl = fcl.Ca.Cb 
■rl = fcl.Ca,Cb 


- r2 =r k2.Ca 

- s2 = fc2,Cb 


Large selectivity decrease. (S — 1.3) 


-rl^kl.Ca 
- rl = kl.Cb 


-i2=k2.Ca.Cb 
-12 = k2.Ca.Cb 


cluge selectivity increase, (S - 130) 

r. r * 

JJprcssed much more fban^ ,S g ? A 2nd order faction k 

’ totan ““a***°»d’**' “' ecdv “ y “ *■ 


9'7 7 








P9-13 edit’d 


Part (c) 


AHrxl cal/naol A 

AHtx2{300K) cal/mol A 

Temp. K 

Selectivity ! 
S 

3000 

5000 

362 

7,9 

5000 

5000 

369 

6.1 

10000 

5000 

484 

3.9 

1000 

5000 

323 

1L0 

3000 

1000 

354 

8.5 

3000 

10000 

375 

12 1 


Ef AHrx2 is constant, then if dHrxl mcreas& 5 p T increases and S decreases. 

If AHral is constant, then if AHix2(300K) increases. T increases and S decreases. 

S is dependent on rl and tl, which depend on k] and k2, which depend on the 
temperature. The greater the temperature in the reactor the smaller the ratio between 
tl and k2 T hence reduced S, 





?- 7 f 
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Chapter 10 

r,0 ‘ 1 - "■** —*«* and originiI 
P10-2. "Whil-if " 

^wers. Parf ft) P robtem rec !^ descriptive 

Problem 10 -?. parameter sensitivity of Living Example 

' ,|M ' SS£S^£* *“* fa -" d -« * *« used as an introduction 

W>1 “s, uZn™'d .1™"“'”^ ™;“. d <“ und ask the 

which are the most straighf forward d¥mm be and PlO-fl 

no-7. This problem is similar to W<M. bo. is more complicated. 

'■ problem is berier adapted /or a senior or graduate level course. 

■■"obloiris 1*10-12 through pirt.i4 -iTi 

student is asked to find the rate hw mS^nis V * P ° w dcposiflon where the 
the past PIG-33 has been assigned as aTn^ i, and fate ilfnitirt 8 step, fn 
problem worked in class ' S homework problem and PlO-i 4 W a 


California problem. 


PjjJ_J ^ ■ I J | r 

reactor and to a PBRmodeted^'csi^'"' E1 . M f W 1 ? a moving bed 
™y be best soiled for a senior “ ** ^ 

Sf’® 5 PlO-17 through T10-27 all involve catalyst decay. 

i* A ^ '" a ‘ Sht ,Dr '’- ,rd ' bU ' ^ 2 **p ^se who go to quickly. 

■ straight forward using POLYMATH. If time is an issue, one can omi, 

rj s 

' pa tome tors. 3 ,a ^ th ' ““ten, is asked ,o determine die decay iaw 

^0-21, XH" i 

fecommendToperadng conditions^ E ™ mpi * Problem ^7 and asks to 
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PIC-22. Part (a) is typically assigned from year to year. The remaining problems (P10- 
17 through P10-27) are more complicated and are more appropriate for a 
second undergraduate course or a graduate course, 

P10-27. This problem encompasses the effects of catalyst decay with heat effects and 
is a typical digital age problem 

Summary 


Assimv.d 

PlO-1 
PI 0-2 
PlO-3 
PlO-4 
Pi 0-5 
P10-6 

P10-7 

pio-e 

PlO-9 

PI 0-10 

Pio-n 

PI 0-12 _ 

PI 0-13 
P10-14 
Pi 0-15 

PI 0-16 

PI 0-17 
PI 0-18 
PI 0-19 

PI 0-20 

PI 0-21 

P10-22 

PI 0-23 

PI 0-24 

PI 0-25 

P10-26 

>10-27 _ 

CDP10-A 

CDP10-B 

CDP10-C 

CDP10-D 

CDP10-E 

CDP10-F 

CDPKK1 


Alternates 


Solution 

Difficulty Time Given 
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CDP10-H 

CDPIOI -- 

CD10-J --— 

Assigned 

• = Always assigned, AA = Always assign one from the group of alternates, 
O = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates 

In problems that have a dot in conjunction with AA means that one of the 
problems, either the problem with a dot or any one of the alternates are 
always assigned. 


lime 

Approximate time in minutes it would take a B/B" student to solve the 
problem. 


Difficulty 



SF = Straight forward reinforcement of principles (plug and chug) 

F5F = Fairly straight forward (requires some manipulation of equations 
intermediate calculation), 

1C = Intermediate calculation required 
M - More difficult 


or an 


OE = Some parts open-ended. 




Nol 


'te the letter problems 


are found on the CD-ROM. For example A = CDPl-A. 
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Summary Table Ch-10 

Cataly 



1 Catalysis 

CVD 

1 

Order 

T vs, t 

Traj 

Moving 

Bed 

STTR 

Basic Reinforcement 
Principles 

3 






Straight forward 

4,5,9,18 

13,14 



18 


Fairly Straight 
Forward 

6,7,9,10, 

15 

12 

1742(a) 

16(d) 

16(a), 14{b), 
22(b),2_(b) 

24(d) 

More Difficult 

7(C>,n 


23,24,25, 

26 

20,21(e) 

16(c), 27 


Open-ended 




16(e) 


-^ 

Critical Thinking 





24(d) 



I'm 























Chapter 10 


Hfl-I No solution will be given 


Use the equations from Example 10-3 in PQL’^'MATH. Change P a to 80 atm and 
then to 2 atm. The effects can be seen in the following four graphs: 




Temperature-time trajectories for l* 1 and 2 order decay 


35 Kcal/mol E<j = 10 kcal/moS d* = 0,01 day-1 


l 51 order decay 


35 

(0.01X10) 


O.OQI9S7 \ T 400 


/O 'Jr 




PI0-2 (coat'd) 


2 W order decay: 


—bb& SJ H“r*n*-t 


IfrTo kc-il/inul E, = 35 Itcal/mol d. = 0.0ld>y.l T. = «OK 


I‘ order decay: 


r f E *f i 1 1 

10 r*_*rl 

f % fl—Li] 


^ (O.OiX35>[ 

[ 0,001987 [T 400 JJJ 


t-38.57^1-«p[n,6^i-^! 


1 M order decay: 



rx-j.1 

,T T.J 

f 1 1 'jl 

- = 40 1 - exp 12,582: — - -=r 

L R 

k*(E,/E A -l) L L l l l WJJ 




Use these equations in Excel to generate the following graphs: 





























































P10*2 (corn’d) 


(c) 


m 


Use The POLYMATH program from Example 10*5, 

By simply changing the value of t we can see iis effect on the minimum 
concentration. Ait increase in t causes a decrease in the minimum concentration 
while a decrease in t causes an increase in conception. 

When the reactor is fall of inerts, the catalyst lifetime is longer. 

men we change the values of k and k £ to 120 and 12 respectivejy, we «c a 
decrease in the catalyst lifetime. 

Again U5 ,,l« POLYMATH prejn™ from Example |0-5. Wta ,, sc h m£J< l t o 

1 60 '' mol/drri When T IS Changed lo 0,01 h. C = 0 509 

mol/dm■ 


(e) 


For the solids and reactants entering from different ends of the reactor 


Decay Law ■ 



ST"*- 
>■ . 

i 


(for 1st order decay) ^ 


di = 


dW 

U t 


da k fJ 
dW U s 


a 


da 

— = ^dw 
a U, 


1 fl(f) = T~* w + k l 

u s 

ForW b W w . a = 1; + k, 

U s 


k 1= j£° w _ 


u s 


ln( a J=-£-(w^W_} 


Thi 

l = exp [u 


—(w - w } 

T ' nil / 


kc^d-x) 1 


F '*^ =exl f^-< w - w = 


x 

1-X 


- kC Lu, 

i 


1-exp! 


k N 

D (^) 


U 5 


X _ (0,6)(0.075) ; (| 0,000) 
I'X (30X0.72} " 

X = 0.55 


] 


( 0-72 


[ 10.000 


(-22,000) j =1.2419 


/o - 7 













PI0-2 (cont'd) 


(0 


Design Equation: 

f ^-»< w >K) 

Rate Law : 

~ t a ~ ^Ca 

Dec a.} 1 Law: 

da , ; da 1 _ 

di d di U t 


W = 0, a - 1 

Stoichiometry : 

Ca-C Ao (1-X) 

Combining: 

F Aq . 1 — kcL(l-X) 1 

A ’ dw JMw 


^Ao. 

] dx _y dW 


'jllhlJ 

kcL 

J 0 {]-x) : Ji + iiw 

kciJ 

u-xj k d [ 


(30X1.24 ) = y / tn (] L + 22000/y)) 
(0.6X0.075) J n V " 


U. 

y = 8796.12 gcat = — 
k fl 


where y = — 

*d 


U, = 6333.2 geaf/min 


(E) 


c - c Jh* =c 


' 4a 1 + eX 


1 + 2X 


Combining: 


F ^ =c -^ tc ,n-x^ 


dW 


1 + 2X 


if—1 


kC; 


dX = — 


^fH-2TtoO-X)+4X+-^7= kCvtJs (t-e' fc| 


1-X FJs, 


9X 


12b (]-X)+4X+-^7« 1.24 
1-X 


Solve for X 


X = 0.37 


3 7^ Conversion 


/ 0 - ^ 



















PlQ-2 (cont’d) 

(h) Use (he POLYMATH program given in the example problem and vary all of the 
staled parameters. 

k’ has the largest effect on the conversion, followed by A, U ( . and P«. 

When the ratio of k to U„ and k to A is increased* the conversion is increased 
When these arc decreased the conversion decreases 

Use the following POLYMATH program to generate graphs of the conversion 
and activity profiles for U s = 0.025 m/s, 0.-5 m/s, 2.5 m/s. and 25 m/s. 


K a n d14 wif i ~ I flJr If, * D ■ 0 2 5- pi * * 



X *Tid 4 vx r ivt V. * G-*S ® r ‘ B 


- IK 


i iet 

x 

L >3] 



'■*! - K end « VI- I tor It. - 2 S <»'* 
5 -KS - 




It is apparent that as U, increases, activity increases and cons ersion decreases. 


Use the same program to vary U, and generate values for the exit Lonvc.sio.. <-nJ 
activity. Use these values in Excel to generate the follow ing graph 


'M 


/&- f 














P10-2 (cont’d) 



Conversion and Activity vs. Gas Velocity 


TBA*S<->TBA + S 


Since 




PI 0-3 (corn'd) 

Ct = C v + Cw + Cws + Cjba.s - Cv(l + KjCi + KwC w + Kt^Ctba) 


< ~ -Cr " T r 
I W £ 


fc s *s K w c ; c . c w--^ 


( , * K , c ,* K wV K ™ c ™0 


(b) Adsorption Isobutene Limited 


T = fc 
ADI AJ 


"TB* 


te)- ■ (4)- 


1 CwS. ’ v 

C W»£ * C W C V * C TBA *5 * ^TBA C V *S*A 


ft)- 


r . m k 
ADS AI 


'1*5 


C v C TBA«S c SbA Nua C v 

^•s K s I,s K S 


TBA 


C, ' c w lt r 

.P 


V 


V 

r Ctba 




1<c wV*»- c-> 


S^A 

A'TOA 


tc) Eky Rideal Kineses 


I “ t- 
S 3 


f’' t riA # S 

wW*s~ K 

5 ^ 




AC, 


iQ K s j 


r i~ T+Fc +K C - whercA = MOQand/C H = -^ 

1 + A ; L 1 H" A ^ A , 


*,< s 


/<S -// 





























PIG -3 (corn'd) 


(d) W*S 7 + I *S t +^TB A tS, +S L 


r s = l S 


C„ .Cy,^ 


w*sr2 u i*si * K, 


' "(l + if,q)(i + ^CHr) 


c = c + c 

T1 ^Vj h-SI 
C T2 = C V2 + C W.S2 

• Si“ c vi( 1+K tS) 

C w. S2 = K w C w C v* ■ Sl^O^Sr) 

L C C - —— 


. where k k s K t .K,C Ti C T1 


EUbi 


H + CH ^ C,H t 

1 2 * Cai 2 6 

H +E —* A 

Elcy Ridcal 

£• S A + S 

E^S«E.S . C^-K^C* 
r S ■ k s[ C E.S P h] 


V C v* C I. S 

k 

r—^—t 




P P 
EH 




/o -jK 












A (buiind) s B (buiene) + C fwater) 
(Si) FossibEe irfechanism; 


A + S 
A *S + S 
B -S 


A * S 

B * S + C * S 
B + S 




c-s £ c + s 

Assume surface racoon controUing: 


r s *■ its (C AJ Cs - C$4 Gc^, / K s ) 
'DB “ k[» ■ Pfl Cs/Kqb) 

Tx ” koc (Q:s - Pc Gj/Koc) 


^=0 

C A -S 

JSUq 

*OH 

Css 

£ 30 

Cm 


k ob 


Kqc 


" ’ * = * s { PaJC " C 1 " = ** K " C *\ P ' - ^f] wher ^ = Xs^KoeXn 

i»e balance; C T = Cj + Caj + Cb s + Ccs = Cj U + K*a P A + P g + K*t Pc) 


" ' r A - 


k iK^CffP A - PbP^X^J 
U + P A ■*■ p B Kab + Pc Kac) 2 
^ p ao * 0 and = o , then 

- r AO = --k 1 P^_ 

t 1 + PaijKaa} 2 1 + k 2 Pi 0 r tj Pao 

^ is consiacm with the observaion. 
fb) Prom the figure. 


fk| = k 3 Kaa Of I 

where i - K^a 

lk 3 - 2 Kaa ) 


Point number 

1 

2 

3 

4 

5 

6 


0 

0,275 

0*5 

0,77 

0.77 

0.5 

^aq( atm) 

0 

4,5 

27 

54 

112 

329 


— 

4.05 

6 45 

8.14 

12,06 

21.4 


/C ~/3 










PI0-5 (coal’d) 

At large P A< >: -r^ = ; using point 6 ; ^ = {!29) (0-5) " 114 

At small P^o ; -r A0 = S? t P A0 ; using point!: kj ^ 0.06 3 =kja 5.34X10 4 


-r 


ad ' 


0.061 P A0 


Using point 3: 
Using point 3: 
Using point 5: 


1 +5.34x10-* Pior Stj Fao 
kj-7.0i5x[Q'2 
kj - 3.19x10 2 
k 3 * I,05xf0 2 


. so fcj ,= Qi&L 134x10-* P A 
°A0 


-r 


AO 


> k ? - 349*10* 

(The reason for die different 
values of kj is from rtAdfog 
the graph] 



y - 4.3103 ~ 0.07333?* FU 0.33533 


25,0- 

* 


c) Find the percent of vacant sites. 

_ C, __ C s _ 

as acant ^ Cs^+JC^Pa + Ka&Pb + k acE 1 c) 
P b and P c = 0 so that reduces to: 


%vacant - 


1 + KaaPao 1 + 0-01596*90 


■ = 0.41 


Find the percent of sites occupied by A and B. No B will have occup 
sites atX = 0- So: 


ied 


... K»P A . 0.01595*90 ,. nw 
1 + K xa P a 


/ 0 -i 4 


d) No solution will be given 














ME -* DME +- HzO 



The ran: of formaoon of DME is greater irdoiUy, nria is * result of acre vacant sast bdag 
taoiMyivilkiltfcr reacts Astmcgoesoo 

if* equilibrium conccnmdm of wiser sites is rachsd. Wuer is in^gjy jdsqrtcd co Ms 
QHlyrL 


frobiblc Mechanism 

ME + S £ ME ■ S 

2ME • S -» W • S + DME + $ 

W - S £ W + S 
Aimme Surface Reaction Controts 
fs-ksejEtes 

= Khe Cv 
Cw j - Kw Pw Cv 

&>• 

r U = r s = - - 




/0 - /s 















El 


Given: Kinetic rile expression for the reduction of NO over a so Lid catalyst 

_ k Fw Pc Pn “ partial press lie HO 

(1 + K\ Pn + K-j Pep Pc 3 partial pressure CO 

Assume that overall reachon is of the form 
NO + CO —» 1 N 7 + CO? 

w 

(a) k Is seen that neither N2 or CQj appear sn ihe denominator. This infers that neither is 
adsorbed on the catalyst. On the other hand, it can be Enfered that both NO and CO are 
adsorbed on the surface. The squared denocnbaOT suggests 1 dual site surface reaction of 
the adsorbates of NO and CO, Therefore the following mechanism h proposed 
kxN flr ^ 

NCKg) + S^NO*S *e aJ « -rAw-fcAN[PNC s CNoVKAM] 

fcoj 

COCg> + S *2 CO*S -rcN-tccstPcCs-CcM/Kc^) 

Its 

NO * S +■ CO • S | N; + CO; + 25 = 

With the surface reacton controlling 

^ = 0 Chios - Cs 

^- = 0 Ceos - ^Of Pc Cs 

SCN 

Then Cj - C$ + Csos + Cccw = C5 [1 + K*n Pn + Kor Pci 

and therefore rtacdon is -r s = Sc s C^s Cco-s = ks Cs Pn Pc Kak Kcn 

*itb ki=ksC ^ K ^ Kcw 
Kt-K^ 

Kj-Koi 


(b) Assume that Pc » Pn- Thc^ Pc changes very little during the course of the reaction 
and remains consult A maximum in f-rj) then 00curs, for a fLtec value of Py at: 


or 

:i + Ka> Pn + Kqj PcF 

f -ki-fcEtt _ 

[1 + Ki Phi + K; PcF 


/£ -/4 



Pi 0-7 (cont'd) 

<*T S } 


Pv 


3ft (i 



tcanorvoJtiTrr (Wh ^ pnsm? which will toimmize 

'"" i “ ra “ v - ^ W;, ' ri) -" d 

aucduPFR. ihccridi-nl t • J tactcxaa CSTR. Ifdiercanof ii 

' th "" aal '■1«ofP c ^ 

T“liiarively the ana ‘ g=fi=^ai °bser/a& 3 o is 

from the NO coovener, and “onotnxajjy 

^ are the 

’ mt:dliinis ™ be a due] site mm[ * 


£3£j 
(») 


fttm the data we see tfaatHj and MEK are weekly adsorbed and die rate gees 

B ~:r i 

Bu ■ S + S ^ MEK * s + H * S 

MEK-Sjl mek + s 

2 H * S ^ H 2 + 2 S 

Phl. 

< A + K Bu P Bu J^ 

£Q. 

pressmes of MEK s’irt w a, 

MtK tJ dH 1 don« appeariB(hedn ^ 

to be weaidy adsomel 


f Bu r MEJC : 


/O - ; 7 







P10-8 (cant'd) 

(b) 


V? 7 

W 


: -L + CL., 

IS rtc 


Mole Balance on diff -m* *i n a I ftictor 
W = £MSi 



r MBC 

Pb, 

JEZ 

v rM£>L 

2 

6.74 

0.1 

1.59 

.5 

2.69 

1 

4.08 

2 

6.82 

l 

4.12 



L e °- 58 ^rr ■ K a - 2.1 atm- 1 


hr g ■ cal 


Bw 


- _ 0J8 P A 


JXOL 


(1 +2.1 Pa) 5 firg - cal 


<c) 

Design Equation: 


dX -< 

«’TvT 


Rate Law : 


(l + K A Pj 


£ = | 


Stoichiometry: ? A =C.RT = Cj 1 " X |-^-RT => P, =p f —~l'' 

*\l+£Xjp. A *"[i+xj 

Use these equations in POLYMATH eo find the catalyst weight necessary to achieve 90^ 
conversion. 


W = 2L8 kg 


/0 -/? 


















PI 0-8 (corn'd) 


(d) Usc Uus samc POLYMATH program to generate the desired graph 


NO prtssyre chan-p® 
Equationg r 

/dtwl*-ri/f*e 

faiopfioo 

.1 


P* e P***(El-x}/(l+x )) 

T*lGm^ Vn 


w 


0 


fl. 


23 


■ *2 


Initial i J alua 

0 



*= M4 

** « 

*UH 

i? « 

>*-«K 

aw 

=-=™ 


i 

- 

■ 


P-gtg wa. C«av«rAi04 


(e) Now conside r the change in pressure: 


Stoichiometry: 
Pressure: 


p a =c a rt = c* 

^ (1+x) 


I“X 


1-t-EX JP 


RT 



Use these new equations in POLYMATH 
be required. W = 21,8 kg 


to find that the same amount of catalyst would 


Ft e SEur« Change 
Equations: 

^d(w) ^-ra/fao 

d fyS /d i|w) = -alp^a* E 1+x) /2/y 

Pa*=10 

£ac>=600 

ka=2.i 

alpba=0.<33 
pa= P ao'<(l-x>/fl+xj> 
2ra=~58tJ-pa/Tpa] **2 
lraT:e = -ra 


0. 


23 


In11ia 1 value 

0 

1 



/<5 -/? 
















E10-9 


Iso-onent * Hydrogen —* iso-octane 
A + B —► C 


(a) Discrimination of models: 

Assume -r A - It C* c£ Q 

Forres 2 and 5. Oca < l : 2 and 4 , 0 < p < 1 ; and 2 and 5 .-i < y c Q, From 


Pctry's handbooL 5th erf, p. 4^S; the rracnon is probably surface reaction rate coctroQinj. 
Mechanism I (HAlvond): 

Jl A + 5 A*S 
Bi +2S Zt 23 -S 
A * £ + 2E * S 22 C-S + 2S 
C*S *2 C+S 


Hence, 


klPAhi-Pc^l 

[l +K a F a + KS j P£* + K c PcP 


Mechanism H (S. L. MnJJick); 
A + £ *2 A 'S 
B + S ^B*S 

a*s + b-s jic*s + s 

C ■ S C + S 


Hence, -r A -___ * [ p a Pb - Pc/KmJ 

[ f * K* Pa + Kb P 3 + Kc P^;- 

Frcm nans 2. 9 11. 12, P A = P a =■ P c = P, a pkrt of -r A vs, P shows a paraholiic 

behawof. fttrefone we will drop die second [cm in the dtnommaior for easy [mearuaiiofl. 
The readers can calculi value by Gibbs ore energy change Li this equaam (up to 650 
K, the reverse reaction is negligible) 

The linearized regression model is: 

&£«.]" = _L. Sih. .Ei*. , 

A ' k 0 -* k 5,1 k 0 - 5 k 0 - 5 ‘ 

Lising given 12 data points to solve to? these fouronkaoms; 

X • 3-0 + 1.42 P A * 0.97 P 3 + 1,42 P c 


/ 0 *■ *L & 










"The iui aj rcstij^ 


arc: 


JJ-3M3F, ? v 


il+OA7S P^0322, 

^ comparison of the perco^ ^ -_ 

Run Pa P Q p c 


<“p-) fcSf* 


JO 

I] 

J2 


I 

f 

3 

i 

1 

JO 

1 

2 

0.1 

0.1 

5 


JO 

I 

J 


10 


0.2 0.2 

0.1 0.1 


0.0362 
0.0239 
0.0390 
0.0351 
0.01 u 

0.0534 
0.03 JO 
0.0033 
0.0380 
0.0032 
0.0006 
0.0566 


5.26 

6.47 

6.77 

9.25 

9.37 

13.69 

17.96 

10.41 

JQ-26 

3.54 

3.54 

21.02 


r 

(cak.) 

0.0345 

0.0217 
0.04 JO 
0.0334 
0.0 J 20 
0.0505 
0.0302 
0.00315 
0.0380 
0,00238 
0.00089 
0.0599 


^ error 

■4.3 

- 4,7 

+5.0 

-4.8 

+ 5.7 

- 5.4 

> 2.6 

■4.5 

0 

■9.8 

+ 10.7 


Istmu'» j9j 

*• maioi,ft™ fte i .; ■»-=»,«b. 

(W 

AW, “ c ^, &£:rap . ;s 


L paper idiscing chemical 

s ' “ ^ das is in: 

^TT5 rJ --^ . 


1575* Pan I, p, 







Pi 0-9 (com*d) 


CSTR 


W: 


150x0.8 


0.1113 (1,5? [t -O.Sf/fl -0.5xQ.s j 1 

jl +—_L^_[o, 797 - 0.283 x 0.8 


[ I - 0.5 * 0.3 
W * 21380 g = 21.4 kg 


1 


PFR 


W*F a0 


dX 

m 

A 


W- ISO 


f; 
f 


dX. 


0.1113(1.3?(1 >QJX? 

[l * } .ijjx {0,797 ‘ 0,353 X) f 


w. 


L5Q 


CU113 x 2.25 


f 


GfXjdX 


where qX)* 

Gcfe},(2Jai5 


x 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.S 


(i-x? 


un&ix.f 

G (X) 

4 82 
5,38 
6.13 
7.16 
8.66 
11.00 
15.03 
23.15 
44.62 



Using Simpson s rule, 
area under the curve - [0 


w =■. 


L& 


0.1113 x 2.2S 


-x 10 =6000 g= 6kg 


/ 0 ~ & 

















PI0-9 (cont'd) 

fj) fe differ™* ***» bran, L ^ L „ ^ 

In ■ Out + Generation = Aesunjuiarien 

^{C a x)a t p c ( | - $)dl =; 

But. A r v(L)cjL) = M a {L) = Fji- X) 

Fxo dL 3TA PcO -40r A (P : J 
R^anng the expression r* to X and L : 

**-F«fl-XS = l FftEJ *X) 

Fb - Fa, fux> , Ip. (1^) 

Fc-FaoX * l Fo x 

Km * Am k&* ; 

LaP = Py „ 


F'r = -f2^ 




1-X 


F t 2-X 


di^ TAPeO-P) ri-x- tv v , 

From the Ergtm equation. we hive: 






Df 


■1.75G 


^ things on RHS aie constant, except for p 


P * Pe 


ftfe) 


<af* ^ f^a.) fl) -G (j*)fiso a-*) a 

2 WP J gcDp|-Tj[- 5 ;--I.7S.Gj 

r 

Vp Hn. ^ r hrn* ^ G n~&) | 150 (1-6) u 

p»£cDp 3 l Dp ‘ + 1 - 7: 


<*L' 


Ufe : P ~ jT" ■ ^en : *j£. = 2-K. £ ‘ 

dL -sp* 


rJ Pa 


/0 - *3 












P10-9 (corn’d) 


n’ _ LG U'$>) 150 (I-*) |1 , „„ 

P* — ---r --+ I Jj G 


Po P* & Dp<l> 


M Dp 


$ = 0,4 


Dp “f'i« “Hulrl’im*' 

^ - 32.174 llEL-iL 
scc : 

- l 150 ^r) (z * lsJ1 ; 


Q a 7J46.a Jtm. 

ft 1 hr 


T *(0^51? ft* 
41 12 


P e = (3 aim}( Tj^”) I 1 4 * - 111 

1 I am M i ft i / 

o» ■ c-r hi —islm _e_-_I 57 irl 13 «"*> 


P“- C ^ = (S}^F=-- i* 7 lbmJ f3aTOi 

[OJmiJl^pOO* 273.15) (UHPR 
1 Lbroai°R | 

Po = 0.2750 Am. 

fl 1 


P (3 aim, 200°c) = 9.47 1 9 x 10' 3 c? (1 C* . Ihc) 


1 16211 X 10' 1 cp {all C|) 


PPROP 


(9.4719 x tO- 3 + 0.6211 x <0' J ) 

—-r=---cp 6.7197 x IQ- 1 'bm 

* ft SEC Cp 

x IfiOOLict. 

hr 

H-0.02I8S^ 
ft hr 

(6344.7 ^(U»0 taj| 81171 

150 U - 0 . 4 )fD. 0 ZlS 8 JjBL) 
x - 7~ -* 175 JI54$.g.'i Jbm 

i ' T V- 


/o -$-4 



PI0-9 (corn'd) 

dL* i | R a (X, P ) 

when: R a =. -— k Fa P r _ 

l 1 + Ka P A + k b p B + Kc P c )2 


KI* 

r -- 

flrX 

b-x 

fr* 

[ + ( k a p o + K|, p„)| 

uu 

2-X/ 

p ‘* Kcf ‘"!^d 

\rf 


4.—r-—— 


.*${)-X)' 


’’{p ^ + k ^$~)+K c yL.^ij 

’ «..p- Wj’fl-X'i 

$. ~P’~ + ^ K * + K *) p t (I - X) + K c J>xJ 

i Uc f ,-- ! JVT Pi<H>K Pi 

~^A0 ' K l " f K A + fC s ) P„ ; k:- (Kc*K a » 


(Kc - K a - Kb] !*„, 


[■ TVn: Cl m a 
‘ dL * 


fJ-X? 


For i J 

, » pvcti T. ws can solve ^ ODE’S jo re* XfL'j u/ 

ht „ T 0 ge * XfL 1 We 10 ^ T uadi X o 0.1 

' wrstaocs. we use [he solution of 6.10 (a) 

E*«(Una _ gnoJ . „ 

gear ■ hr ■ amrt ' K a - 0.475 isn’t ; Kb = 0.322 aim‘ 3 

0.414 atm- 1 

K I-f0.475 + 0.322)3-2.391 

-—^o(?’ 414 ’ 0475 ' 0 332) 3 = ‘ Ll49 

K P; _ T(33 ft){3.14/4)fOS51^ k i fa 

f ao “ ~~ - z" . “-£miji 

is ®2l/fifijuan 

, 1 mm l\ 1 hj ■ I 




di 


/ & - £ 3 " 





























PI0-9 (corn’d) 


p; - jfi^l x HT 1 (378,09 * X22GI) JbED. 
■ 

P-« 


■ -0. 2*693 16232 
T T 2 


A ORTRAN program is written to solve the equations The results show that any 
numbers of tubes suffice to allow the given How rates with a positive pressure provides 

has no sSu^on^ 1 ^ ° r lhC d T^ C ° nversion ^ P rob[ ™ « ***&> therefore 
has no solution. However, we can choose a different L. and it onlv changes the 

dimensionless parameters With L - 20, the problem is still unstable 


For L - 10 ft , T-2.16 tubes =.-£-» 0.44 
Noic: Lsing ihe modified program 'viih 


D P a i^in . }i-9.05x l^cp 
L=l0ft , A * 2.15 in 1 
= X * 0,80 , P* = 0.7537 

Using 1 1/2 in schedule SO pipe {IXJ. = 1 3 in), A = 1.76715 in* and the length to gee 
x = o.s is impossible fp t < 0). 

With 2 in schedule 80 pipe (LD, = 1.939 in). A = 2,95237? in* 

This gives L = 6.67 ft , X = 0.S0 and P = 0.9173 
1 1/2 in schedule 40 => A = 2.03580 in- 

L - 10.94357 , X = 0.3 and P - 0.6903 


/ 0 - £ 




fio-io 

a) 


A-* B + H 


Assume a rate-limiting step; start with surface reaction 
A S + S^B-S + H S 

BS^B + S 

H S^H + S 

Assume a rate-li mu ting step, start with surface reaction 
-r*-r=k t C.P Ai 

Come up with ways to find P^, P^. p^ 

* 0 C *‘* ” K m P aC y 

h tn 


r - F * C * 

c *.r -'T- =K *i p mC v 

A .£W 





Combine ail of those to get the following rate law suggestion. 


b) Now using POLYMATH'S n 



for the parameters We find tha -^ ^ R '^ r ""1 1131100 regression we can find the values 


k = 0.00137 
K, = 4.76 
K b = 0.259 
fC = 0.424 



/0 7 









P10-10 (cont'd) 





rtadpS F r #■ m I - K * *p* - * * * »P*i > * 2 

¥ - D,M1D?0« «i - (LJS1W? 

K# - 4,7*00* it* * adjust 

7 prjfLl Lvt rP1i(tu*tf, !f r'HJ »1 li ' fr-fe i i 3U*L V. tu« cl 1 CSl. ■B' - ■ 1- 77Ci^tl*- 1 3 


c) No solution wili be given. 


riQ-ii 

Rate law: 

“ li-Cc*eT 

Proposed Mechanism: 

Pd + CO^Pd CO 

Pd CO + NaOH*-Pd CO NaOH 

AC±Pd-+AC -Pd 




r« 




AC • Pd + Pd - CO • NaOH- 1 - C jH < CO OH + N aCl + 2 Pd 

Neither of the first two reactions can be limiting because they are reversible 
The rate step must be irreversible because there is no subtraction function i fl 
the numerator. 


/0 -Af 























PIO-U (cont'd) 

We Wl l^ = ^7 e q^tion as the rate-limiting step: 

Then A “ * 

Fi . ^ ~ ^ + Crtf,CD + + Cpfl-AC 

Find equations for C p „ „ r j f - 

pd-ocv '-rd-co*s«oK' Slid ^-pd>Ac 


^.,0 


"‘AC'O 


^NjOH 


C w COK«)H *> KcoK NlOH C v C NaOH C co 


^-0 

k ac 


C Pil AC = 0 


Combine to find C, 
C v ■ 


wki 




iTM * 11 


Trying reaction 4: 

r * ~ W 'AC^-Po»CD.N*OH 

cannot be found so therefore ihic «*<. u,.. • , 

n ° ne °‘ ,hE "Nanisms reactions agree with !he tL'toe™' ra "- |imi,in S ** 


=) Assume that the second reaction is the ra.e-hmitmg step. 

h - ^CsiH* S 


- U sing PSSH, we know that 



■Sik, s = 0 - t ] C SiH4 . s C» 




*A*C; 

= ^ =jfC„.Q 


K=t i£l 


/ <3 " ^ 9 







PI0-12 (corn'd) 

Perform a site balance: 

C, = C V +c SlHi s 

C -_ P' . 

v i + kc S iH( 

Combining alt of these we find: 

r - k Am 4 Cy kC SlH ^ 

S l + KC SiH /l + KC slH< 

This rate law is consistent with the data. As the concentration gets larger, the 
rate change gets smaller which is consistent with the rate law as given, 

b) No answer is right or wrong, but the points will probably be higher than 
the ones given to see that the change in rate becomes even smaller. 


EUhli 

At low temper™* (120*0 the reaction goa from 2n*order m zero order. At 
wmpemurcs only second order. 

vrrpo-4 vo,^p l«vt=vttpo 

vu s vt * s 

2VI<S-> 2VQ2 tPifS 



r vo, = ’ r v] - r s = kg fpi 
fvi = Kvi Pvt fv 
1 - fv + fv] 
fc 

./ - k s Kv E Pt-t .. Pvt - 

(1 +■ Kvi Pvt) 2 (I ■»■ Kvi Pvt) 2 01 

ai high temperature Kvi Pvj « 1 and -r^ = t 



j 


/0 - 30 









PIO- 13 fcont’d) 
Unease 


V7 == vf + ^ p 


VI 


‘VI 

- r vi 0.004 

^vi 0-1 

(Pvr/V^FvfJ 1.53 


0.013 

0.2 

1.63 


0.03 

0.3 

1.73 


lnicicepr * ^ = 1.43 TorrAuntfhO 1 ' 2 

* “ 0.49 nm/br - Torr 2 

SJooc b Kn - 2x30 - 1 41 . _ 

VF j * 1 “ UVOiayiirJ 

Kv! * 1.13iflc*Lll 
1.43 

Kvi * 0 . 79 /Torr 


uz 


0.06 0.085 0.16 

05 0.7 |.| 

2.04 X40 2.84 


UJ-14 


0*5, - *sfj 


r J*S 


U Sy+f / «=f y (t + X / p / ) 

a p r 

fe ^P . Pi* KpPf^pj 

1 +PlK, 

r T = —t _ 

Rxn is second anier 
Sbce i»KPf m yp pl 
Pn ® : l«KPfnp/P Pl 

Reaction is aero order 
^ Teoi P er aiui* K t very small such that 
Pfnp KpKi C< Fpt 



/& - 3 / 





PIPr ii 

Given; IsoaicrizniQn rcajraoti A ^ B over a supported caralys* 

Keq =8,5 as JSCFF^SLOFR 

Keq = 6,0 ai 40 CFF ■ S 6 G*R 

E = 26.900 Bru/lbmol 

-ca = k {Ca - Cs/Kcq] for raiaivsi 



£^0 

Lei = solution datsicy (constant) 
(MW} A * moL wx. 


mole reeve led 


Then 


r: _ _ yAF Po ^ 

"'Tssfr 


Fao 6 * 


Pg 'Jo 

(MW)* 


Assume total recycle of unreacted A. Too. F** = Fao - 

(MWJ^ 

By materia! balance on the T irpsnr-jrn kj i+k cantor 


F t i = F M -F, k - 


A 1 


'* h/n-’ 


^ (w)/‘ " (a^ 


i “ y<tx 


y C^O 

“ J7 

* j 


.40 


(mW) a 


■ = !->',* 


^en -r* = a k [C* ■ Cb / Kd where a = acSvixy 
C* = Ca-o (1-X) : C^-CaoX : V = F A o j ^ 


/0 - 3 A 
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v = F*G f — ^ _ Fao ( jy 

j. *t;^-C W K c J «IC„| [l-(,*jMxj 


(Lit V: 


-“r—ln 


* 




w 


QMt Fresh catalyst: «=] ; T«350»F ; u a - 310^ ; y AF -0^ 
’■ ■ 1 ’ yAF = 0.75 

ok,V-,_, CT< pi 

* '»■»><> ^)RF 7 ±JSS|-^S 

C«e J2: Spent catalyst , T . 4<XPF , U A - 3COgL , yjg . , 0J2 

JCaF ■ I - XaP" 0,68 By Airhcnitu rulationjftip. widj r 
L 'r = ^ciochy comLanc as T s « 

^2 “ velocity caaSLiiic as J 2 - S 60 fl R 

|£‘“ ii {-f (£-#) 

■’* ^2 = kj exp J- 26000 P-T Uj'lbrry-L /. 

I l-?£7 Epa/ibmoi c 'R 1 

ctjiuaicon 

a fc 2 v K _3Q0 gal/hr 


[S£0 ? R SlO°R 


= Z6 kj 


] — , tn —-1-— 

(0.6S)|(l |.|l»l)|0.68) 5W F 


ttaigfi.- 5 9fi 




Jtl V ’ 15 kj V “(2.6)(674] 


= 0340 


After ACC rcgeneratfvt crea^ncm T = 3 SOT ; u A = 220 ^ ; y^^O. 


19 


■W* i- yAF = o.8! 

equauon (a); 

akj y _ TCOe&i/h: 


(0. 8 „ ) | , ,J J ) , "i,.| U g 1 J j (0 . sl) j 


_ ™ pi 

hr 


° ,= fv=Si--»s»' 0 -» 


* ■ Pa ^ fa) of ACC guana te= u not Satisfied comparing Caje HI u Cik H 

* a 0,34 0 - — 0 =■ — Howtvsr "S«™ve techniquemote riun sansSe* ^ fb ) of 
^ ACC S'*™**- T'cefise ACC guaranie* «,j m / £ - 


guarante-. Therefore the ACC guarantee wy ^ 
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a) Mole balance. 

", 

dW F„ 

Rate law: 

Decay law; 

da MQ 

dW ~ U\ 
Stoichiometry: 

r C^Q-JT) 
4 {1 + eJf) 

Evaluate ihc pamnelere: 

r s 

polymath 


KguatiP^ff r 

d [jc) /dfur) ■ [-raj / £ao 

d[a ] /d rw] =-kd*a*ca/03 
kd=9 

£ao=lCJfl00&0 

ys«250000 

t*o=,fl 
*ps=.£ 

ca-cao* (L-*!l / (L*eps * x) 
Tft=-k“ca 

*o ~ “f = & 0&00 


initial 

D 

l 












b) Mole balance; 


di 


,JSa- 


I±^ + 

i+-m 

< ^TO 


Tak -^ Ai 


dC. 


-t; 


dr 


/ 

-'l 




1+ 

L ^TP 


£ii 

T 


di 


dC At 

dt 


dC\ 
di 


I + y.} 

. ' W 1 +tak 

l+idi 


■to 


r 


£* L 
r 


1 + jfo +■ zak 

1 + ^i 


to 


) 


1 * \J' t -+■ Tak 

1 + ^L 




£d± 

r 


£t 

r 


Everything else ts the same and we need to know t. 


T = — = 0.004 


PlD--t£ (h) 5 CS 7 R J s in 
jquat.iQiti.qi 

AUl/d(t}F-kd*a‘ca 

/d £t > ^ca4/ tau- { J tl+ya4) / tl+ca/cto) J+tau*A"1e) "Cfi / WJ 
/d(t)/tftU- < (tl+yaj>/ 11+^*4/ctoj )*card'k;’w4/t 

/d{t)=ca&;tau- [ t <l+yaa> / (l^l/cto) i 'cat /- 

/ [1+Cft2/Ctcj Kt4U*B‘]tJ -C42/-C 

“|c*3)/d(t)=ca2/ttu- ([ tl+yi2) /(l+caa/trto] !*tau-i*ki *«a/t 

Uq} 


j-c i t i. a 1 va 1 ~j e 

i 

6.a 
o.a 
c.a 
o_s 
□ .s 


fc*u=0 L 0 o 4 

et D=]i 

**45 

e ^ Qt &.ft 

Jril«c a i/ etc 

**(ca D _ ( . {1 j /cgo 



-« 

. C* 

— X 


/0-3JT 
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c) The only change from part (a) is the decay law: 
da 

, = EmzE 

V, 


dt ! 


-dW 

V* 


da k.C.Q 
dW~ U t 
Integrating: 

kjCJV 

tn a s — 1 — + k 

U$ 

W = W MaX @ a = 1 

. JLC.1K-. 

£ = - . J. A MAX 


a - exp 


Us 

k d CAw-w^ )\ 

Us 


d<3C) (-raJ /lao 

Jt-SD 

£a&«4Q0COAO 

kd*9 

U1-250O0C1 
wtnax :■ 5 0 D 0 0 
cao=,e 

epsn .e 

W3BP* U-K] J Cl+*Plt*X> 

ra«-lt*ci 

tt-exp (te5*fiQ/TJE* (w-WBflJt) ) 
*£ ■ 5 0 0 0 D 


Initial value 


(c J Koving-3.c4 Reactor {CouriEari 




w o * °- 



d) To find the Time-Temperature Trajectory we need to use the following equation 
for first-order decay. 


r = 






/O ~ ^0 ^ 



















P1CM6 (cont'd) 


Since no initial temperature was given, we assumed one of 300K. This is the eraoh 
of ih-ir equation * K 


Temperature-Time 

1000 

• r-800 

"" K 

* ^eoo 

£ £ 400 
® 3 200 
0 


trajectory 


J 


o 0.1 0 2 0.3 

Tim* (h) 


c) The rwo energy of activations are switched and this is the new graph made. 


Temperature-Time 
Trajectory 

1000 

% „m 

• 5&oo 

g ^00 

* “aoo 

o 

_ W 006 

The graph looks the same just die time is much smaller. 



For ail of the parts, the mole balances and rate laws are the same. They are: 


dC A _ 
dw r * v ° 

r * =~ kaC A 


dc, 

dW 


= r,v. 


t v f> 


r B = fcjC x 


a) Find the equation needed for a, 
du 

--- = k.sC. 

dt * A 

a = exp(“ kjCj) 

a-] whent=0 


Assuming ■values, for ^{k k» and ka come up with the following graphs according to 
the eases described. 

/0 -J7 
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xee 
— C* 

■ s. cb 

“ (9 





Eqy.ayio.ns: 
d f cb ) /d i w ) = rb* Vb 
d £ ca ) /d | w ^ £ ra T vo 
vo^lO 

kd = l 
t*20 
kwl 

r&s-k*a*ca 

W 0 ■ 0, w { . 50 


ZH 
— Ca 

Hr Cb 

“ t 


T.t.1 
— Ca 
Cb 


d(2 . i _ 

-—= v 


tf =- 


1 + ^ f 

Using same values come up with these graphs: 

Equat i or.5 : 
d (cb) /d {w ) = rb T vo 
d(C*J /aWJ-ra-vo 
Vo^lO 
Jtd^rOCl 

t^lOOO JTW 

k-I 

asl/(l^kd^ca*t> 
rs=~k*a*ca 
rb-k^a^ca 

w & * w f - i 


— Cl 

cb 


/o -3T 


-ninial value 

0 

i 


b) Find ibe new equation for ar 


:-a:- Ctfla I S t=LCGC 


initial value 
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c) Find die new equation for a 


da 

“ dt =k ' aC * 


a-cup{-k 4 C t t) 

Tile following graphs an; made: 


rr 0 t=l §& 


LZZ 

— Ca 

~ Ch 


Initial tfalu . 

1 

0 


/d fcra 

d<£b] /drwj -rb^vo- 
VQ*10 
ODi 




EE£ 

— Ca 
Cb 


c-*ec 

l*X 


cii« i n t*ici$a 


/f> -3 9 
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RE^Y 
— Ca 

.. cb 


d) Making a info a differential equation we come up with this: 


da 

dr 


= k C 


Q 


IV 



da kjC A Q 

dW U~~ 


Equ x 1 1 or-r- 
d [EaJ /d |wf*fc4*vo 
d LcbS /d^W^f b^vo 
d L a |i / d [ w J * - kd* * * ca / u» 
10 

fed", EH) I 

Us-IG 

k-1 

rb»k***cA 
ra--k*A F ca 

W C - 3- w i - 1 


£ n. it i a 1 va L uc 

1 

0 

I 


Ltl 

— c* 

Cti 


I M 

□ 

*.«4 

£ ■- 

*■ we 


£4k Cut 1 



t-i™ B. «£ S iffiD 


q.4xi) 



e) Everything from pan (d) is the same escept for the decay law. 


da 

dl 


=-V c * 




dt = ~ 


V s 

dW 

V. 


/6 -W 


















*»*■ 



r 

t±X 

t 

CrU 


a -» h j. 

CrJW 


1 


f 


/d-4! 


Initia l vA iue 

* 

0 


I * \ CM* i 



<.30c l-«H i :.k: 

























P1Q.I8 

a) Start with a mole balance: 
dX —r' 

W " 

Rate law comes next. 

~r; - * p o 

Then the decay law. 

<fc ' 

_VV 

/= t/> 

c/u t, 

t/w C/j 

We then come up with the equation for the profit 
P = W(F t ) ~10*(V S } 


Whete : 


^ * -V 

Then plug into POLYMATH and get the following program The feed rale of 
solids dial gives a maximum profit :s 4 kg/mirt. 


3.0-lB 

Editions : 

fd{v) P-fcd/aa 

d (x) /d [wJ=»ra/[ftD 

facial 

kdi=3 

US =4 

kr=l 

LD-1S5L 


IflUliU. 

1 

0 

vaIu® 


- kr •* 

Viriiiic 

ICsiCiii 

’■■a i ,* tt"_T 1 la I, ■ J * 

l H' " i h. . t 


£b=fao*X 

w 

0 

1 

0 

1 

P»160*fb-10*U e 

it 

- 

l 

ft.S 

is .5 

W- = Q, w _ 

* 

0 

C T5 

a 

0.75 

C 1 w f * 1 

fu 


T 

i 



led 


7 

2 

J 


Ul 

4 

4 

4 

4 


fcr 

1 


t 

1 


Tfl 

-i 

-e.s 

-1 

-d * 


fb 

0 

ft -S 

G 

O.TS 


P 

-4* 

4^ ^ 

■4fli 

ao 
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tO As seen above: X - 0.75 and a =.5 
c! The only equation Itial changes ss the rate law; 
da 

_ i^ r 

i = _!i 

V 

-dW 

V 

dn_ kjdW 
dW V 

Integrating we gel this: 

k,W . 

" Ir + * 

w = w„_, @, = , 


di = 


k- 1- 


Jt if vv 

~tT 


u 

|tipl)« r 

-n/fu 

kt*S 

°*«.a 

****** 

(x<l) then■:£ ad"x} else \l) 

i^^ yt ’ (, ^' wl<1)thto< ' 1 ‘ fcd/Us ‘»' ra «-«»?*!« 10) 

iJ o f&-ie*trs 

E **-*'Kr 

*0 * 0. w x 


Initial va.L4c 

a 


y *■ f: ah 1 g 

v 

X 

Kr 

flQ 

lid 

Llf 

it 


*»* — — - ifcsii™, ™ Lut F 


a.i 


w t 

T 

l 

z 

M2 


s 

3 

& i 

-3 ^r-iS 


i 


find L 1 =0.8 to imumue ih* profit. X= I and 2 = 0 

/0 - 43 


exjfjn^ the reactor. 
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a) Sian with the mole balance for a batch reactor. 


dX -r;w 


Rate law: 


Decay law: 



Stoichiometry: 

Plugging those into POLYMATH gets the following program and the following 
graph 


SqiiflLioriE: 

£(.Xi 11 ) 

kt"2G 
hd> l.G 
pto^i 
VI 

k=.0S2 

T»735 

pimpnc* (2-x) 
n:=-ke*pt*a 
nto^pto'v/ (ft' T J 



initial valu* 

0 

1 


c 0 E c f - G.0G1 


b) For the moving-bed reactor the mole balance now becomes: 



The decay law now becomes - 








PI0-19 (corn’d) 

Everything Slays the same. Plug into POLYMATH 
J he conversion achieved is X - 0.266 


1Q-I9b 

Eluant 11 n.5 ; 


d(Kl/drwj*-rt/fao 
/d<w? 
kt-2D 
filO* EDO 

led-1, $ 

U*-2 

pto-3 

pt-ipto* (i-x> 


2 r„ i - j a 1 yj L ug 

0 

1 




SO 


i 


V*T**bj |r 

iAICIbI 

Vi : V HlA Lfcr_j: VI L 

Hi-.Ly_T y*:_« 

f 1 v j ' # 

V 

3 

50 

a 

50 

M 


9,34414 

0 

0 34414 

* 

he 

s 

i 

0 . 32 U 19 a 

o,034jjee 


JO 

Jo 

JO 

EJhp 

<w 

409 

4 tff 

loo 

W 

1,1 

1-4 

t.f 

: e 

Ul 

1 

ili 

3 

J 

1 

ptft 

2 

3 

3 

3 

pt 

2 

1 

i iuii 

1 HU* 

rt 

*49 

-0 mi*; 

-40 

-0.T U541 


e) Increasing U s will get us a higher conversion Looking at this summary table 
U, = 10 kg/h and X = 0.6 




laj-Elfrl Vi: Ij« KJmt-fcm va-luj 

a 


fed 

U* 

H: 

ptc 

ft 


1 

* 

SEC 

is 

10 

2 : 

2 

2 

-40 


sa 

1 
■3 

t;o 

l.-fi 

10 

10 

2 
2 

-1.TJJ17 


0.121111 

*03 

1,6 

10 

30 

2 

*--320625 
-43 


V1 -m Flfrj.1 vilue 

10 

fl-mm 

0.5S»*|| 

600 
1.6 
13 
10 
2 

0.HD062S 
-1-^917 


fd) For second-order decay: 


1 — exn 

E T -2E T +E a 

fl 

i ^ 


\-E T fl o' 

t =- 

R 

Ll 

' T J 

1 “ exp 

. 



kJl-2 + EjEj 


k*(E,/E T -l) 
For E t = 25 kcai/mol and E, = 3 0 kcal/mol: 


1-exp 


t = ■ 


-1 

3 - 1-1 

o 

1 1 

tJ 

Un 

fl_ I ll 

,0.001957! 

k T 735 J. 


(1.6X10/25- 

Use this equation in Excel (o generate the following graph; 

/o - <}ir 
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T> ratu rc-"H Tr^j-c-C t^Q 



o we JM 16C *w 

IICue |k) 



For E t - JO kcaiAnot and E, = 25 bcal/mot 




' 25-10 | 

'±_Ml 

0.0019871 

T 735 jj 


1.6(25/10-1) 




Use lilts equation in Excel to generate the above graph, 


4 


(e) In part e. (he only thing that changes from (b) is the decay law and the decay 
constant: 


da 

dW 


kjP}a~ 




U< 


kf — 0-2 


Plugging into POLYMATH we gel the following summary tables for U s = 2 and 10 
kg/h. X = 0.50 and 0.SS respectively X will again increase as U 5 increases. 


Scfliationfi 

d{xl/4(v)i 
d[&) fdiv) = 
kd-.2 

ffao=G00 
ktt£0 
pfcDw2 
PG=pto- u- 


ai-tiaj. value 




-ra/fso 

-)ui'pt^2*a ft 2 AJs 


Variable 

W 



w D » 0. 


f « S3 


kd 

V* 

1M 

*: 

pi* 

pc 

n 


0.3 

1 

6fl C 
30 
3 
2 

-IQ 


$3 

G.50243* 

1 

0.2 

2 

«oe 

3D 

1 

* 

-3-P125J 


G 

O 

C.1S14VS 

4.3 

3 

eoo 

3D 

3 

0 MSVli 
-QG 


/& - 4 lt> 
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ID-ISc 


ltd 

Dp 

it 

Pte 

pc 

r* 


Initial. 

^■n J _a Mm, iunin v*.l j« 

H.4.JU rrruji ■- 4; 

r ins 1 v,w 

P 

5P 

D 

M 

0 

D !7iTD» 

0 

0 

I 

1 

e ISM}} 

e ssijji 

fi.2 

o.* 

P.J 

4} 

m 

tfl 

IP 

l-a 

ion 

6 DO 

4 ftp 

*D* 

w 


2D 

ip 

i 

3 

Z 

3 


3 

0-34-iStl 

o imii 

hp 


HP 

-a.^m 


(a) 

K v 

Design Equation : W = —LM 


(” r A ]»(<) 

Assume at 1 1 0. a(0J - 1 and X » 1. 




%(c a ,-c a ) 


Now 


iCi , 


=* F H «))*F Atl X = F A() =106 ^ F Ai? s= 106 


For n' n order kinetics. 


Fr( 0-F Afl X(i)= RON{[) 

y r , h _R0N(Q RQN{i) 

!06 RON(O) 

Second order kinetics and second order decay rate fit the data very well 


a'(0 = -k d a J 


Plot of 


C 1 

A 

^•Ai? A 


vs, t: 




a (0- 


3 


l + k d t 




^Ao “ 



/O -97 

























P10-20 (corn’d) 

From the graph : itiiercepi - I/k = 0.0835 =* k = i J.9S 

slope = k d / k = 0.001 =* *d “ 0.00025 

(b) Activation Energies both for rate constant aid decay constant can be estimated front the 
temperature-time trajectory. 


rm-2i , , ,, 

a) In order to get a high conversion the entering pressure should 

possible since the rale is a second order function of the pressure, 
kept low since the conversion is an indirect function of the flow 


be as high 
U should 
rate. 


b) The problem with such a low flow rate is that the activity will remain low 


c) We can use the same equations that are given in example 10-7 with a few 
exceptions. For example the rate law, we use the one given in the problem: 


-r i ~ fcfp l 

The activity will be different because the equation given is different: 



c a k e 


da _ k pft C Epic. 

di ~ U 


To find the concentration of coke we use stoichiometry': 


= P* 


" A0 ] + iX 

Ccott 


RT 




10' 


IT S 
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SquaLiona: 

d 4 a) /d f z J =-kd'a"ctoke/t, 
d(3<J /d (i i w-zarU/coo 
cae=,2^ 

Jsd^tDO 

kprimc^e-S 

aps=I 

R*-GG2 

T=S73 

piio*12 

rho*SG 

U = Uo^ ^l+dp*«x^ 

Pft^paoMl-scM fi**p & *50 

ptoK**pau * x./ (j ■+ <fps - jf ^ 

raprima-a * t-Pd "2 > 

ccok®*p£Pk«/R/T 

rft*rJ>0"rfipriJtifr 


v*j .*!■: < 

i 

A 

X 

3t^ 

‘C?E‘AM 

X 

p#0 

n» 

o 

F* 

p^ht 

PH 


initial i*a, lug 

1 

* 


loitjji VJ.Vf 

* 

1 
0 

o. n 

:oa 
S#4J 
7 

I 

0-Mi 

IW 
iJ 
it 

7 
M 
0 

-$ aesj 

o 

-D.5Ti 


gxaAflHim 

it r~ - 

1 * 4Ca;5*3jj 

9 3J£7Jt g 

* a * o.sa 

l&D u> 0 


■3. J J 47 3 L 
& 12 
iUP 


5--0S 

1 

fl Mi 
^3 

U 

ac 

* mu 

u 

J-OJliJ 

*4 

fl dSitHJ 

■3 . IJ *.4 ?| - c b 


5«-D5 

1 

n qi: 
*7] 

13 

<4 

7 

UlIH 

0 

-G.flGTl 

fl 

'd.n# 


s*-na 

7 

l 

0.012 

<■?] 

li 

14 

t.ima 
^*S«S 
1 a 13 iM M 

Q.bUTm 
-3 11147* ii p - 


d) To find this the only change necessary was the values for the k's because 
liicy cluinge with temperature. 



^.OOexppj^-L-iJ] 

POLYMATH program below shows the results, 
and the conversion is 0,637. 


The temperature is 485K 


E-^uat iona^ 

/df&J ■ -r*/IVcan 
d (a)/dfi|i -kd * a, * ecoke/U 

cao=.22 

^os=2,5 
*P£*1 
, ag2 

T-4$S 

P*d=12 

rho^&o 

^lOO'expdsodo/i.jB?. [i/6ij_ 1/T> , 

fc *irii w »5e-S-Bqp[30 0 0 (fl .S8 7 'jirfi7i~i/Tn 

U =Uo-d+aps* K J 
t 3a =pao* [1 -kj / [l+«p 3 -x| 

»eeihe=pao*x/ (lttps-x) 
c t*k e =po^S:e / R /t 
r ^ p -i"® = * * (-fcpr ime * **-2) 
c ft -X ho*raprima 


Initial va*ug 

0 

l 


/a - 4? 










P10-21 (cont’d) 


Vir'thU 

3 h i c t j 1 v j I'je 

Ki^SiKiB vfcluO 

Hi.ni*uto w.p 

¥\nhl vttui 

i 

ft 

11 

ft 

15 

X 

5 

c w»* 

ft 

ft (17215 


1 

i 

O r N>MH 

ft.4ftSfftT 

□ JO 

ft ,12 

ft. 12 

ft 33 

ft-12 

LK? 

t,$ 

3-5 

2.% 

3-5 


1 

1 

I 

1 

R 

□ 013 

ft .-Dll 

ft. 012 

ft.ftli 

T 

41} 

415 

415 

445 

[HO 

13 

13 

13 

u 

if ho 

■ & 

•ft 

4ft 

IQ 

led 

l.ana 

i.aftij 

1.2432 

1 3332 

k prlam 

a iiMHi m 


?.ft*551*"fti 

1 07571# dl 


a.} 

4.0U31 

3 5 

4.fttlll 

P+ 

13 

13 

3,45141 

i «m 

pcoi* 

ft 

4.t^Gi 

ft 

4.(7ftl 

-treeko 

ft 

ft 117445 

ft 

0.11744* 

r*pt I** 

-A Demurs 

-i v7*j:4‘C<7 

*0 0P1&17IJ 

-l t7ftlL4-tf 

f* 

-9 1 illi 

-0CS-F1T43* 

-ft 24141 

-6 ffOftltCU 


e) To find the temperature-time trajectory, use equation (10-119) and add 
where necessary: 


i = 


1 —exp 

E a - nE A + E< | 

i iY 

R 1 

H 

I 



- n + ^ A K-eo*£ 


The following curve is generated from that equation. 


Time-Temperature trajectory 

HOC T--- - - 

1200 

*■1000 - 

£ 

3 600 J 

* 

® 600 - 
| dOO - 
200 - 

0 -I----" 

0 0.005 T 0 t 01 t 0.015 


to - 




















PI 0-22 



Design oquaJon: r = Fa&X 

W 


Assume W = [ g ... r . Fx(>x 


Cumene Ptopene 

F fW » <*> 

TTie amo un[ of cumene hydropem^de does 
of moles. 


+ Benzene 

fS? 

FaoX 

not contribute stgmficainiy to the total number 


ys ° - .— laqa 

Fa 4I-X}+F a(> X 




or X-J£L_ 
l-y s 



a - A27 x iO-3 (see-i) 


tew ica „ I0 . 3 ^ 

<b) C, = PA- PaoU-X) 

V o 


Assume no AP - AL — n _ FabJI^XI 

r. ^ fAcfl-X) _ (l-X| 

^1+X) 

Fa * C A RT = C A0 jy—r RT 
l * t a| 

Mass balance : F A() £iX = rdW 
r = e-“ fc P A 

t = w 

Us 


/a ' S ! 






























PI 0-22 (coin'd) 

Fad dX = e“ ["u') k P A dW 

m <^BTj[ KX dXs " t | 'CSV 

Fau = 20 mol/min = 1/3 md/sec 
Cad = 0.06 kmol/m 3 - 0.06 mol/1 

R = 0.082 -5S21. 

K-mol 

T - 273 + 420 = 693 K 
k = 3 ,S?clO " 3 mol/g sec a»m 
a * 4.27x10-5 sec ' 

W * 100 kg 

- 10 kg/mjn ^ 1/6 kg/sec 
E<juancin (l) becomes: 


ih(i-x) + x-g tt . * Tk u > L-m.j 

F x<> Ci ^ J 



= -1.4 x 10 3 


XS 1.00 


Pi 0-23 

Given A —» R + S 

Batch constant volume reactor, P increases h 6ms 

Nad dX •» a r e Wdt 
Assume a ^ 

r^kPs 
" p a = C a RT 


C. = n 4o(1- 3Q _ Naq (1 X) _ .. 

V y ^^agM - 

Nad dX = k C M (1-X) RTdi 


•XI 


/6 - s'$. 



PI 0-23 (conf d) 


r 


siX _Wk 
i -x * 


e^dt 


f 

Ja /hj 

= pJ^e- Q1 dt where p^j^-JkRT 

.lnfl-X) = ifl- c ^) 

a ' 

Assume thas ihan is very hnlt deactmuan in tire Fetse [ 0 see 


-Ln (1-X) = (at) = &t (for small i) 

p- ^ ,, ’fToc)"ife , "(T5W) -,7T " 

»-|P}*«r „ —HZ ? . ' 0 - 1 

° (vl RT 1 * 008205 * (273*420] 

k - 6 63 x 10* sec-i 


At t relatively large, e"™ =* 0 

£-Ml-XI 



3.37 x 20' 3 

~7- - --«5.IBx 10- 3 setri 

En |—J-- 


-In (1-X) = 0.722 (i-c-i-itxlo-H) 


L 

“x 1 

X 

0 

— 5 

0 

10 

0,037 

0.036 

2Q— 

0.071 

0.069 1 

30 

* 0.T02 

0.099 

JO 

0.130 

Ur 127 

60 

0.180 

0.177 ' 

sO 

0.223 

0.219 

iUti 

0.259 

0.255 

ns - 

0.330 

0.325 

200 

0.379 

0.375 

300 

0.441 

0.437 " 

300 

0.493 

0.490 

7^0 

U.512 

o3jo 

1000 

0.517 

0.515 


"The assumption of a firs; order reaction tancrics and a first order decoy kinetics is 


justified. 


/6 -S-2 



































P10 zlA 


cyclopcntanc 


n - pentane 
coke 


dS A 


Batch mole balance : “ jf~ ~ ~ r ^ ~ * ^ ^ 


_ ^ 

di v L * 

=. k/iK\ = k/t\ with C A constant 


Assume q ■ 2 : a ■ 


L 


l+V 


r f n = i ■_L— . _L +. i^L i 

■ M\-X) kt' 


Ifn-2: 

A kr ^ 



/6 -^4 

















































F ] 0-24 (coru'd) 



Prom die above graph, all Lines are straight lines. Therefore, q ■ 2 is a good assumpaon- 
Wc need to examine ihe daia to see >vhich value of n having ^ = constant n ■= Q and ns2 

A r 


W U1 have similar behavior of 22. 

At 

I^U-L-i 
X x 

n = 1 ; Ay = A J_,j and Ai = 20 min 

^=0.094 ; 0,087 ; O.OS7; 0.084 ; „„; 0.081 ; .... ; 0.0797 

There’ore, — is decreasing gradually, it k not a cm start 

4r 

p or n = 0, n =2 : ^ ^ 4 x !(M = consanL 

Al 

’“■■*-te) 

tei 


dX _ K& 
& " C A0 


-di_ - ^AQ C A0 k d 
JX K* Kft 


/<5 - 










PI 0-24 (confd) 

Efn=2: • = Kft 

Q1 


1 +k d i 


1 dX _ Kb 

il-Xf d ItU 


(t -XV s -ds— st i + ^ L 

1 r dX KbCab Kft C A o 


E 

X% 

iX 

A! 

jlL. 

AX J 

jJl 

dX 

OA 

0 

0 

1.7 X Ifr 3 

588 

587 

587 

10 

1.7 

1.7 x iO 3 

588 

600 

579 

~sr~ 

-14 — 

1.6 x [O' 1 

625 

' 610 

— 559 

40 

£?V(!> 

1.47 * 10- 1 

680 

650' 

567 

-70- 

"TT" 

1.33 x t0“ J 

752 

720 

570 

UK) 

15 

1.3 x JO- 3 

769 

7b0" " 

549 

150 

21.5 

1.14 X 10- 1 

877 

850 

324 

200 

27.2 

9,9 x UP 

1010 

530 

492 

300 

- T71 - 

8.4 x Ifr 3 

1190”' 

1075 


500 

- 3T9 - 

6.9 x 10* 

1449 

1300 

276 

K» 

74,6 

1 3.43 x 10- 3 

2975” 

1580 

102 

1200 

so~ 




_ 


n-2: Slope is negative. It is unreasonable 



♦ (l-xr dt/dx 

O dt/dX 



la 

tfj 









































P10-25 (cont'd) 


*SC r 



♦ T - 50QK 
Of - 550K 


Hiey aic straight lineso=2 

For Ti ■ 500 K : slope = 2,04 J£l_ \ 

(t Kii i 

[ Uincrccptj » 0.0! - (x K!, J 
For Tj b 550 K ; slope = 6,325 1 

{tKb=0.02 J ~ 


=■ K* * 0.02 


K*,-0,1265 


Kd t 0.1265 


JL22, 


= ejq> 



E4-S4344 -3- 

rnoi 


K* = K* «*p.[. ^ (Jjjj« «p (- (^jj - 0.02 

Kd, - 1,296 X 10- 1 
Wc want to maintain Ka “ constant 


K t 


L 


1 -Kdt 


= Ko 


Hr(tH)|' 1=K < ! 



fO ~ 












p 10-24 (corn'd) 


C A0 = 0.03 

W = 001 kg/m 3 


Wf 


C *qWJ m L 

1.5 x 10 ’ 1 lanol/flun 


f ad 

(b) The order of decay is q=2 


P 

!$i-„ 4 x (0 1 ^3X 10* J rain 1 

fe* 

_ ? Irmoi , y „ n SO 

(c) Moving bed reactor i"A 0“ * 

Fw, dw“" rA " kA# 

In moving bed ;I*y wherc u m 


( 1 ) 

a> 


di-i dw 

Subsnnne into equation i l) : " “ ti a 

. £& = ^dW 
il 14 

i-i*k w 

a ii 


1 LI 

Substitute auo equation (2). we have: 




-dTi 7 














PI0-24 (corn'd) 


Wi 


3 X ID -1 | 


( /o.gx 2*3 x 1 Q- J \ 4 \ 
! exp —- -- U 1 ! 


If U “ l —— 

mifi 

(d) If U = 0.5-^S- 

nun 


0.037 5 x 
W = 45.5 kg 
W = dg.6kg 


/ 


fc10-25 

<0 S W + CO 7 : first order, irreversible, 

tit 

-fA - K* C A 

Assume n=2 : a = -—^— 
l+kjt 

= 1 + Kj 1 

_ 1 __ 

Hik) ,k tK 

For T = 500 K 


U rain j 

0 

20 

40 

60 

go 

120 


X % 

1 

0.7 

0.56 

0.45 

0.3 S 

0-29 


(fie! 

99.5 

142,4 

mA 

222.7 

262.6 

744 3 


For T = 550 K 

t(tnin) 

0 

5 

■0 

15 

20 

30 

40 

X% 

1 

1.2 

0.S9 

0_69 

0.57 

0.42 

0.33 

^irix) 

49.5 

82.8 

111.8 

144.4 

174.9 

237.6 

302.5 


/o-ff 








P10-25 (coin'd) 


exp 


I = ■ 


150.000 _ 

&J-1A 14S0 ~ T 


±)|- 


K I ou tJ 


rm H 

i ( men ) 

m.) 

0 

ifiS - 

333 


87.3 

495'“ 

fWi -1 

500~ 

174 9 



b) Since ihe equation for the advation s$: 


3 - - 


t 


l + k d t 

we canuoi find a uine for which 3 = 0, becau.se si is cnathesruticaily impossible can, however, 
find a time at which the activity is small enough thai it can be considered to be zero. The roLlowiofl 
graphs show Lhc activation for the two -.empenstunes given, 


Activity of catalyst 



time (days) 



The graphs show that for 500 K, the lifetime is about 1100 days and for 550 K, 
the lifetime is about 450 days. 


/ 0 '-GO 































First we need to find C 


AD* 


H . 


-JO 


m 

)’ot = 0- J 

^ (8309)553 


-0.065 


Stan by guessing that the decay is f irst order. 
k d t - in{^) + j n —£L_ 

T^iJSS SS.1l£?K 0 w?S. 223 s vr*™ is ■« ^ 

■s» Atttioo ZS ff - l ’““' Wt abo „«<, „ rmtl ^ 






~ C* - Qfl-V 
So we graph tins: 


In- 


! 


vs. i 


Thts is the graph that we get: 


In (t/cao*x)> vs 
time 

* 6 T- 



know that £g wLl W ' 


/o -i / 

















EM 


a) Mass balance: 

dX = -r A 
dW F a0 

Rate law; 

-IX = 

Decay law: 

da _ ~l*p a 
dW _ U> 

Energy balance: 

jfT _ Pb __—- 

d w ~ U,Cp,+FAa c t)A 

Stoichiometry 

. 1-X 

C *- x0 ] + eX 

Evaluate the parameters: 

k = 0.33ex^7?7(^-^)] 
k D = O.Olex^OOO^— - j)] 

Plug thal into POLYMATH and get the following program and angers 
maximum conversion will be 17 kg>$. 


S to g et 


/ o ~ C> ^ 






PI 0-3.7 (corn’d) 


rs-s* 


10-21 

Equations: 
dial /dM=-\d~a/U 
d 1x3 (wj m -ra/fao 

dm sat*) - [tr*-<T*-T^r-r*j*(-uhri)i/ tu-wt4D*ci»i 

fao*5.42 

EJ-17 
ta-323 
□hrlp-aDOaO 

Cp*«10Q 
cpo.*4 *0 
&UTOOO 
fcf-3777 
e*o- .27 
«pbp! 

Obb.B 

ltd* . Gl*0)tp[Ed» U/m-im ) 

k».31**Kp(Er■(1/450*1<T )t 

u a M w i ■ so 


Valia* 

1 

0 

d^£j 




‘-Mr . ■*fL* 


HAmlava vilui 


' ..--4 : 

w 

3 

50 

3 

to 

M 

i 

1 

0.271506 

a 2?15?G 

X 

3 

c .u?3i3 

3 

9 i 167232 

T 

413 

«1.*13 

419 

445,61] 

t+v 

i « 

1.43 

5 41 

V« 

V 

17 

17 

17 

17 

ft 

m 

121 

m 

423 

Hurt 

-13flat 

-M0CE 

-609 DC 

-13000 

w 

139 

mo 

109 

100 

rp# 


49 

40 

40 

Ed 

3«0 

799fl 

T9&0 

1090 

Er 


3T T7 

J173 

1717 

Me 

£,21 

Op JT 

o.n 

9 27 

*F* 

* 

1 

L 

1 


2.9 

11 

0 ■ 

0 0 

fed 

9.01 

I. l T -9 Cl 

9-01 

1.11401 

k 

0-32 

4.1*711 

0.33 

4.isn* 

cm 

$-37 

$.17 

q 0141343 

0 0161349 

it 

-o.Oij: 

-9 C'iJ*24 

■0■14641 

-3-019352' 


b) Using the same program we can see that the maximum conversion is 0-887. 


c) Everything is the same except the energy balance: 
rlT Ua w (T,-T)+ha 1J (T 1 -T) + tr;XAH R]1 ) 


dW 


pAflCpA 




We also need an energy balance on the catalyst particles. 

dj^ __ bSpf — T i 


*s „ _ 

dW 


u s c. 


PS 


Choose values of h and We find [bat T. needs to be slightly higher 
than T in order to get a large conversion. The maximum conversion win 


be different for each Tj that is used. 


/o - 











CDP10-A 


■ Given: The catalytic oxidation of ethanol 
CHj CH2OH * i'Oi —* CHj CHO + HO 

Denote: A [=) CHj CH : OH . S CHj CHO , W [-] H^O , A*S [*] CHj CHj O-S 


Mechanism is be lived to be the following: 
A +JS & A-S + HO 

Q, +■ 2S' £ 20*5' 

A-S +OX' ^ B + OH-5' + S 

OH-S' +■ H-S S W + S + S r 

h is pv en also thai Chj * Cj^s 
With raucoon (-ta$ controlling 


'a = k A [P A C| - Cvs Ch-s/^a] 

*ro “ ko [Pth Cj*" Cq-s-ZKoJ 

-[■aid “ feAofCx-s * Pa Oafs' Cj/KaoJ 
-rw u kw [CoH-y C H-S - P* Q Cj-ZlCw] 


t 


“*■ = 0 A r S ^h-e 11 Ka Pa Cl er C|^s = Ca-s 
Ka 

jjjsO Cos- - Ko Po,or = VKoPoi Cr 
^ = 0 wuh C H -S 


„ Pw C s 

^'KwrOI 

Or = C$ t- Ch-j f C A -s = C$ i 1 + 2 VK a ?a] 

c r = c r - 0>s- + Qirt-y - c r: 1 + *Ko Po, - Kw 


Pfc CoK-y Cs’ 


P3 Pw C$ Cj- 


*rAo - ^0 |Cas Cqs- - - ^ r k AoOK A P A Ko Po, Cs C s - - ^ Kaq v x^1 

FaPw 1 


l^AO ^ C^- r —— 

->A0-^-L* 0 --' 

Kntq = tC.A K a q YKo 


K a !<■* Kao tl^oi 


-r AD = ■ 


kAD VXTES Ct c r ■ Pa’S’ Pd, - 



























CDPJO-A (coat'd) 

InitiaJly P fl = = q 

* 1 + ’^aP a J(I t 2V'Ko Pc^J 

!1 ^ T B 3 tanmu * ' fA0 = fcA0 Ca,s ** SL3cc A - $ - hs ’ w « ^ 

^ 'm*' A RBichiometric reinwnifeip tum by**® 

Ch-Jt-Ca^ + Coh^ 

»nie equilibrium ecpresaojis for racoons (j) ( ( 2 ) aM (4) «is w before; 

C A *s C H . S - K A P A ci 

(b) 

JVC* C s 

(c) 


Cou-jr C H . S i 
■'(Ch-sCasICh.s 


Kw 
PwC s C s . 


K 


■ w 


l =ca. s -k a p aC |+^^S: 

Kw 


* c H-s«y K A p A q. 


T'w L'j C S T 


Kw 


JkM, 



Kw 

E * prc5sidtls far Ct and cj. beco™ 

Ct " Cs+c h-s+ c A . s =c s . 

Kw 


Ka p, a 



Y Pa C| ■ 



/ 0 - 































CDPlO-A (corn'd) 


with K a P a C) » P " C J Ll 

C T = C s [i +2/^X1 


C r = c 

V.. r — 


I +■ 




Pate expression becomes: 

* 

■** * It ad Ca*s Q>s* “ ^ao Ko VPoi Cjt i K A Pa C5 


with 


Pw 


I + 


FwC; 


^TX 


«tKoPo, 

U,fec; 


KwK a p a c s 


art 


{i*W£'d<+,/Vi> 7 pV ij 1 p ’ c > f 

1. 1*4*4 \y K w K 4 P 4 C s ) 


IdJL 


L w 

l K.W, 


^L m iri*2iTXF7i 


Cs uLl + fl!^ 


with tTCXPI < l 


-r. 


1 + 


K 

i 

&*k a p a 



+ _^_| 


I 


CDP10-B 

We can first try to come up with a rate law for this data. We can see that as P E 
increases the rate law also increases but slowly the amount by which it 
increases becomes smaller this teUs us this: 


-r* 


1 + K E F E 


We can then see a similar hong happens as P M increases so: 
P H 




1 + K h P h 


Since both reactants are adsorbed the mechanism roust be a dual she. This 
makes the rate law: 


“*A = 


kP F P 


E 1 H 


1 + Ke P e+ K h Ph 


/ 0 w 










































CDPlO-B (coin'd) 


We can then plug this into POLYMATH and we then get the following values 
for k, K e , and K H , 

k = 14.6 
K e = 2.63 
K„ « 1.76 



nosj*la r *i 4*-k Ha P ■ lv-.^■ ■ -% r m p *#<h»pr*} -7 
* * H.Bim m 

<* * 7*61*71 

J £>gi*lUV* **Ii di_.il t, $ ^Qlhvr t. S«- of tOutr pi • ! -*32-Ed 


CDP 10 -C 


(!) 


( 2 ) 


(3) 


N?0 + $? N : 0-S 

SiHi Qi + 2N s O • S ^ SiCh * 2Nj + 2HO + 2S 
rsiCh** 

(1 + KnjoPnjgJ 3 
N 2 0 + S 2± N 2 0 - S 

NjO * 5 + SiH 2 Ch <g> SiO ■ 5 + 2HQ + N* 

N-^O * S + SiO ■ S “> SiOi +- 2S -t- Nj (Rapid) 

^ j Ej pgpwg 

^ I + K Ph-o 


dF A v 
dV =r A a 


■Plug Bow Rejtsot) 











CDPIO-C (corn'd) 

V=fJV 

h -r^i 



A t + KnjO P^so 


Pccj « p A n 


li-X> 

fi + ex) 


p NiO ■ Pa n P A i 77-“ 




(1+eXI 


/ _ kP^J]-Xl(& ft -2Xkl+£X£ 
i j_ v_ o .l«s- 3 X) 

. * k b 

, k?Afl(l-X)( 8 s- 2 Xi 


{I + eX f + Kg Pao(6b-2X)(I +£X) 
«•-££-107 

t= (nj^W)( 2 ’ 2 - ! ' 2 >=»“ 



Sloped = 0.7465 
t 

Ioixicept=i_7t)3 

k — L $9x 10° A/mT on 1 "lj dt\ 
K — l.lxiO-3 ni7crr ] 


Kb - 1-i x 10° m Torr 1 K B P*i =(u x I0* 3 }(IJ7) = ,173 


kt^o = 1.49 x iO J (i 57)* = 36.68 A/mb 


/C ? 
















CDPiq,c (corn’d) 

■r A - 36.7 A/min — 0,07 • 2XH l-Xi 

{l + -Z5XF+.173 (3.07* ZX)(1 +.2SX) 
Fife — 3.68 x l(H gmoWmLu 


* r A " (Atam) = 4.4 x 10-* r' -kf 0 * 6 ) 
A (m* mm) 

a = 250 m 2 Ardn 

r x 


r A0 


f dK 

Jt r 


f IK 


Area under curve of X vs. X 


0 

0.025 

0.5 

0.1 

0.15 

0.20 

0.25 

0,30 

0.35 

0,40 

0.45 

0,50 

0.55 

0.60 

0.65 

J-TO 

0.75 

0.80 


jAAren) .^(m) lAr* (mVgn»te) 


73.6 
70,3 
67,0 
60 8 
54.? 
49 4 

44.2 

39.3 

34.7 

30.4 

26.5 

22.8 

19.3 
16,2 

13.3 
10.7 

8.3 

6.2 


0.0136 

0.0142 

0.0149 

0.0165 

0.0182 

0.020 

0.0226 

0.0255 

0.0288 

0.0328 

0.0378 

0.0439 

0.0517 

0.0617 

0.Q7S1 

0.0936 

0.01203 

0,01617 


^ QB ' It)r V olitr^c pte wa f cr - 9 
■’ Number of Wifers. sj = V/9.8 x [(H* 


3091 

3235 

3392 

3739 

4139 

4545 

5145 

5784 

6547 

7465 

8589 

9983 

11746 

14029 

17067 

21262 

77338 

36760 


£ * lO™ 1 rnV^’^fcr 



^ Pktf &f cof| V4 


X - V5 ' fta:nb[:i ' of wafcn cm be otosi 


Cohversiofl, X 


XL 

F*o 


79.1 
82.8 

178.3 
196,9 

217.1 

242.3 

273.2 
308 3 

350.3 

401.4 

464.3 

543.2 

644.4 
-77.4 

958.2 
1215 
1602 


Mm 3 ) 

0 

0.0012 

0.0012 

0,0026 

0.0029 

0.0032 

0.0036 

0.0040 

0.0045 

0.0052 

0,0059 

0.0068 

0.0080 

0.0095 

0.0114 

0.0141 

0.0179 

0.0236 















CDP10-C {rant'd) 

"Hie thidciess on these u-afcrs can be obtained rrpm [he -, 1 mr 

Wafer #1 : X - Q 

-r A & 73.6 Aymin 
After 30 mm; 2203 A 
Wafer f50: X - 052 
< A ** 20 Af rain 
After 30 min; 600 A 
Wafer rfllO: X -0.78 
-r A •• 6 AAnin 
.% After 30 nun; iflf) A 


CPP10-I> 

a) Mole balance: 

dX -r' * a 

Rate Saw: 

K=-K A C B 
Decay law: 

— = -ic, 

dW U s ' 
Stoichiometry: 

C A = CJ1~X) 
C^CjBs + X) 

Evaluate the parameters: 
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CDPIO D(conrd) 


Equa ti ons ■ 
d IX? /dfwj |-ra? 

a S' fd\w)=-kti m ch/rj 
ltd = G 
fft&eZD 
Un3 
foOSD 

Caon l 1 

C*»CkQ* ll-xii 
Ctwcao- Uh#E*+ K ) 


Ini l a. 3 . 1 val ue 

0 

* 



•—HP 



b) The only change is in the swicbacroetry: 


C, = C^]~X)(l-aWf s 

c^c^e. + xp-awf 


POLYMATH 

BffUatiernJ : 

d[j£) /d jw] 

dfa) /d [W? ■»kd"eb/U 
fcd-6 


fftO*20 

t^s 

fc»350 


, 1 

aLp=.Q3S 

E4 ^40 p d-Kj - W-ttlp*w) - .S 
cb^cad* {t±ieta+Xj w il-alp*w> A D . S 
r *=-k’ca*tb 



Initial. yfllut 

0 

1 





f 


/C -71 














CDP10 -F 


(a) For simplicity, letters were substituted for the species in the 
problem statement, 

a= na, b=N"H a c= 

D = Tia j (KH J ), -S 

The rats equations for each of the three steps in the mechanism 
is given beiow. 


-r. = k. 


P P : 

A b K,, 


■Pc-wi 





p e f 


v 


in. 

*cj 


f = K P f 
4 & - c r c * v 


" r D^ “ EjX^V ) 

Equations 1 and 2 are substituted into equation 3 because the 
third step {the deposition step) is assumed to be the rate 
limiting step, we want to find the rate law of the deposition, and 
we have data for the deposition rate, 

Also, remember that we have the relation below; 


f v + f D = t 


I + K C P C 

Substitute everything into the deposition rate laws 


k.F P* 

-r nE? =—— ' ‘ • h p ~ ■■ » where k. and It. are constants 

We now have tc- check if the above rate expression agrees with 
exp er: m en ta i o bs erva tions. 

* The rate of deposition is independent of Ai and Hi.—YE5 

* At low partial pressures of TiG i and NH_. the deposit on 
appears to be first order in "HQ- and second order in 
NH r —YES 
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CDPIO-F (comd) 


* At high partial pressures of S'H,, the rate varies in verse! v 
wuh TiCli-—YES 

(b) iO determine the reaction rate parameters, we must 
rearrange the rate expression to a linear form. 



A plot oi the experimental data is shown below. 


TitiEHum Nitride Flint Depojitin-a 
M&dti Veft/ifatfon 



= y - intercept = 12168 x 10* 

■Jk, 

k, = 2,035 x I0 HI —r-22!- 

cm' - min * mT 

k i 

- slope ^ !4.i2 

k, = 6.505x IO' 3 —- 
mT J 

,cl The experimental data, when plotted with the rate law 
derived in this problem, form a straight line. Therefore, 
the proposed mechanism mav be used to describe the 
deposition Oi titanium nitride films. 


(Solution by J.T Santyu, JrJ 
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ilDPlQ-G Cumene 

(A) 


Propylene + Benzene 
m [S) 


a = J- 

lo, 


[a) We find a rcEaiionstup between a znd Ca 

w“ Fr {W =w 


Run 1: 


P A = l atm 



t 

0 

60 

120 

130 

a 

l 

0,75 

0.59a 

0.491 

Ca 

0 

0.01 

0.018 

0.0243 

Run 2: 


P A " 0,4 atm 



t 

0 

100 

200 

300 

a 

1 

0.833 

0,733 

0.65 

C A 

0 

0.0057 

0.0106 

0.0148 


400 


Plot of In a vs. C A gives a straight line pacing through the origin with slope tr 
1 = c -cC* t Ct - 2S-9 

r* = (single nte adsorbed, surface reaction controlling] 

1 initial rale are used. I 1 * = P 5 ■ 0 and 1 » K a P a (adsorptjofl is small at lugh tanpeiaiiire). then 

to-fcXP* 

Using data at riroe xero from runs 1 and 2.: kj = 3,2x10" J 

Hence, overall apparent rate law is 
r ^ k* K A P A ; k^ K A * 3-2xlQ" s 

a = 219 

[b) r = i r Q 

% s Pr- Ps }5 -kj 4 " P* A 

Try ra *= -2 

Since P A is almost constant, during rans 1 and 2 (low conversion) 
i=l *k*Pii 


Pun 1 : kj PX = 5.767 x ia J 


/0 - 7 4 





CDPIO-G (cow'd) 

Run 2: kj ^ 1.769 x 10* 

Pa - 1 in run ] =j kd = 5.76? x KH 
Pa ™ 0-4 in run 2 = n = U 9 


T =at 0 =. h P * U* wr 

i + *dPAi ’ *’ Ka = 3.2xlO J 
kj * 5.767x1 O' 3 
n- 1.29 
[ in minutes 

(c) Overall conversion - 0.60 



3 mol/stc 


{ZB malfacc 

trmaicne i 

{4,2 m&lfrftc piopenc \ J_ 
4.2 mcitetc b(iEi 2 tfa J 
Ciantac —^ Proper^ 
W (H) 


+ F So * m io motoec 


cuBQrtifi = 7 JsoVsetr 


^°^po5inon at reactor oudei 

y* s *2JL - 0 25 

1L2 

ys = w = 0.375 

Composition ai reactor inlet, F ft = 7 + 3 = 10 moo'sec 

f ao = 7 + 3(0.25) = 7.75 y A = £>.775 

Pro — j (0,375) — 1.125 v? — 01125 

F*>-3(0.375). 1.125 ys . 0 .„^ 

L*t X f s conversion per pass 

Total flow at reactor outlet before the recycle stream i K 

f ao( l-A f ) + 2 FaoXj- + f R0 - F m = F A j/l+-Xf) + Fsa n 

■ ■*.- FaqO-X,) 


F Ao(l+Xr} + F Ro t F so " °’ 25 ** x f = 0-542 


/O 


m 11.2 mai sec 
* Benzene 


- 7 ^ 













CDPlO'G (coni'd) 

Ai any point along the reason 


P A = 7 A P| = Ya 


Fao(I-X) 




Fao(1+X) +■ Fro * F$o 


when 6 - ^ RQ + Tp *‘°. - _1.Q_ _ i -»a 

F a0 7.75 

Assume that rate taw in fb) is still good for the moving bed opamoon icnay not be erne in 
praeace because of die high conversion) 
fcj Ka Pa 

1+kdPif 


■■■ r = ik‘ KaPa-t^ 


Movmg bed reactor, i» ~ 

Us 

F^dX = -rd W 


(iX 


[l +tdP*A^ 1 

w Frffa-te*r 

' w + 

L ^k a p a _ 

^K A u s 1XJ 

\;k a ' i ' x/ 


7.75*5,767x10‘ 3 
: ■*-__ 

3.2x10 **2000 


iLZtt&f ” w + -L25_(US±2Q 

ux 3.2x1 Q-* ’ I X ' 


- 6.95 x I(H ( I . Zffff * w + 2421 |L2fitX) 
With X - 0 , W = 0 

If X = 0.542 . using digital comparer W = 3.1 tg 


CDPlO- fcl Given: The dehydrogenation of ethyi bentstic to styrene: 

C| Hio C* Hg -+■ 

E Sf +H 3 

Quin ri move data, sn^ess reaeaon o:c is o: die form 

G j _ n p'.Vp^, ,A, kere A2. A2. Ai are conStarrjs 

The taci ibat {-fe} is independent of suggests thzs: me me so A is irreversible, 
is not adsorbed on the catalyst suifeet. A iso, the above expression for (-f£) sugE* 50 
both E and St are adsorbed on me surface /, Try the following reaction schenic- 















CDP10-H (cont’d) 

£ + S *+ £ • S = k A [PeC s - C E -M 

E.S*■*-St^S + H 1 

St • S *•> St+S ’ f * = J(s [Cs-s • Cu-i Pk/Kj 

-fU - ko fCsn - Ps-Cs/KdI 

To insure dm P H} docs not appear in [he race expression assume that the surface ixaiajon 
controls: 

Ja-o c £ . s ^k a c s p e 

S 5 ° Cs ' !_£ K? 1 

Tlien; C T C s + C E -s + C S( , S * C s f I + K* P E + hi] 

L k: d j 

And r s - k Jql* -^IhJ , k s Ka C s 1p e - -*&!!% 

L M 1 L K a Kt K 


its Ct K a 


jr -rj = ■ 




Keg 


I + KaP E >|^ 


KaKjKdJ 
• where Kcq * K A Kj K D 


willi K s »» I, reaction can be considered irreversible, and ns jfep^dcncc on efrops 
1*- 


out 


J4 K A P E + Ot 
Kd 


, where k = Jt; Gy 


Evaluation for k. K A and Kd 

Rearranging the me expression - s-E- = ■—!— * Zt + Psi 

rs JcK a k fC 0 kK A 

wi* P S i -*0.a pioi of vs. P E should be linear with slope (11 and intracepi Since 

only two points are given with P Sl = 0. ii is easy to solve analytically: 


___Podm 

Pe (atm's 

f-rt) pnot/min- erreat 

Pe/-Ts 

i 

1.00 

1.415 x 10- J 

706.7 

2 

0.01 

0.214 x 10 -3 

^6.73 



" iricT + k( p£)l “ d i' {PEh 


k 

From above : — 


im-m 

Mk \*sb ^6 J3 - m i = 66 ^ 7 


gjya^mia 


k (F|Ji ■ (FeH 0-01 - l.O r gmaic 

/<5 -7T 


k^ 1.50 x IQ 3 ^ 

gmcax-imn 





































CDPIG-H (corn'd) 


gracai-TTan 

StoolE: 


and kKl*' k (PEh = 706 7 ■ = 40 — 

K A = 16.64 atm- 1 

Now, taking data points 1 and 3. in which Pe ts constant, the value of Kd k K A and hence 
Kd can be determined: 

CPsJt 


**V** 11 SI," ucX + k fPE)l 

For point 3: -rfc + itek 


Kt>kK A 

fPs.fe 


k K A k' ^ Ko tK A 

Subtracting, and solving for 1 . noting that (Pe]i “ {Pf)j 

K.D k k a 


l 


1-0 j 0.166*10-* l.AiSMift 1 


pn cat - min 


Kt>kK A lPs E h - {Psth 

„ I « 5317,3 

Kd k K A gmoie 

K d « 0.007534 
Raie expression is 

Ee« 


10 • 0.0 


gsral 


0.15 Pr 


1 i- 16.64 P E + 


Ps, l * 16-64 P E * 132.7 Ps. Ifm 


_ ■ grade i 
i 'gaicat-mujJ 


0.007534 


(a) (MW)e - 106.1 —, [MW)s = iS . {MSfet- 104,1 — 

gma ie gmcic smoif 

„ 1 gm ole H^O n ^ 

Then 0, =-f-“0.2 

5 gjDOlc E 

yt-o - —*— - O.S33 ; P = F 0 = 0,415 ; X? = 0.60 ; 5 = 2-1 = i ; T = 903°K 

1 +6j 


e _ 2000 Kg f 1 kg mol) , kgmol _ v _ 

■■■ E-yE.oO-0.S3j s FE .oX f 

P e «C 6 RT. 


day 1104.1kg,! 

FrRT F s .nll-X1RT C^pRlll-X} y^pFJl-X) 


u D^l+eX) 1 *eX 

D F,.RT FtoXRT y £0 ? c X 

p Sl ,c 5[ RT = ^- 


i +eX 


/ 


6 -7? 

































CDP10-H (corn’d) 


Ralc expression for any X is: 


*IE®-—_l I + cX 

I + 16.64 ZS^Ji-X) 

^132.7 y M P ? X 

L i + cx J 

\ + eX 


J>esJErt CJ tP^ssio« for a CSTR (fluidic bed) is W - F ^° 

-rE 

= ^%!yZ7>^x F ) +16 64 * 1 T^T £ J 

_ 2 9.2xlQ J gmol L dav i i + 0.833 (0 4 St 

tey 0.025 j 0.833(0.415)(|- is)* 16.64 ^.! 3J - 7 lG ' 4 jj T K ^Jjd3v__ 

*' 4J J 24x60 mm 

w « 7.06* i O 4 £ 

Cost * 70,6 kg# £U = S777 

p -uE uow rcac^jr, expression for v t0i F s p. p j 

* ** **' ** rt«« (he same ^ fo r Lhe 

4 i rJlc a«ign equation is 

-■-[ 


dX_ F 5l , 
.025 


■ — £6.64 *-m^A.! HY 
1-X 


vf 1‘ 

x ? X lywPoti-X) 

0.023 X F ly £i o P7' '** ' t 1 ln L 1 Xj) + 16.64X +■ 1317 [-X - In {1 -XjjjJ 

W '5Srx7!^(-«P-n«!ln:l-X t J)* IS.64Xp* tSLTp^* 

p£ ■^-T-rrs-n 


>4 


__ |9-2xn>* gra ol 

^ 0.025 x 0.4S gaol 


J 


. f l J^.45) + 1.833 In fl-.45J 

| (0^33ia4T5f + ie.64f0.45J- 152.7[0.45 ■+■ In(I-0.45Jj| x ~~ 

W = 7 71 >, irti * ml 


lo.S3j](0.4l5j 
W - 2,71 x 10“ 

C »«-27.Ix^. = s298 


IO - 7j 


























cmiM 


p) Mole balance: 

a*-r. 


dX 

dW 


rate law: 


-rl = k'C A 


Stoichiometry 

C^C^-X^-oWl 

Decay law: 

da I L 

-- ^-*-0 

dW u } 

Evaluate the parameter. 


.M 


= (1 - aWf 


P> 


4- - (i - looor) 
50 


A* 


a -0.0099 
r^da 
a 


_r££ = £j.f 

a ^ 


k\ flCfi 

- f dW 


U s 

POLYMATH 


■ = 0-023 





Initial 


d (X) /d (W ) -"in *-a / fa q 





d(H] /d<W^-kd*ii 



t 


kdz _ 023 





f ao=d 

Van abl e 

jsitit: 

val^E Jiax 1 -- ^ vili:* Mici-LrrtiSi va 

V 

0 

1-DD 

9 



‘I 

9 


g 

Cao-2 

•ft 

i 

1 

g.134259 

alp^.0099 

kd 

a. £2} 

C .,035 

g 33 ; 

ca=caci* U-xJ 16 fl-alp*w] 5 

ftttf 

t 

t 

4 

k 

•9.S5 

9.9? 

0 os 

ra=-k*c& 

cu 





* 

2 

1 

w a * e < = ioc 

fcU 

>3 OPS"? 

3.959? 

o.ogs? 


Ci 

i 

3 

&_04E££7$ 


£ B 

-■J.ia 

-fi-Mom 

-c.ii 


X - 0.75 


/o -yd 













CDP10-] (corn'd) 

b) POLYMATH 



E> 3E1 J__ 

t.ax 




Cdphm 


Design Equation: F Ao ^ = «(WX~r; ) 


Ralt Law : 

All 

I^ecay Uw: 
Stoichiometry: 
Combine; 


dW 


{for sintering) a(W) =-L— 

T = T„ ^ C A ~CJ\-X) 


0-x) 


dX = _ 

dW l+bwu 

“^K3*K 


dX k' dW 


iX u . l + ^W 


w 


■» ^ i- u 

LW . 

; From the problem statement, a =_1 

m i . u 


J + ^-W A 


f PjUEElD S ln 100 kg for W, we can sol ve for L. 

) K V 

Eft ijP’ 0.03 

I K IOC j = 0.75X0-03) ^ n tJ * (0 ' 0 -^ W))= 1*232 
h,,- *=*0.708 


1-X 


= 3.43 


T tr 


/b -7/ 











CDPlO-K 


The heat of activation is given in the problem as a function of the carbon 
number so we can }ust graph that; 



tO 20 

CafkGn numb*f 


30 


iO 


To graph the activation energy we need to find its equation. It is th* 
Arrhenius equation. 

k = Ae _E/,iT 
Solving for E we get 

1 


E = -RTLn; 


We know that as the temperature increases when n £ 15, the rate increases _ 
k still gets larger with greater temperature so E ss still positive. When ^ 
temperature increases when n > 15, the rate decreases so k decreases rnaking • 
negative. So we can come up with some equation with the above cq uSt 
that fits this criteria and we can come up with the following graph. 


/0 -? A 















CDPIO-K (corn'd) 


Activation energy vs carbon 
number 



Hl\u? 0n * br lK ? UnUSUal teni P eri fu^ dependence is due to the fact 
Jgher the carbon number the less it wants to add another carbon. ‘ 


£Dpin f. Given; Ttdtrcpon of CO with hydrogen over NEcatalyst 

CO + 3 Hi -* CH4 * HjO 

Kinetic even k- r = °' 0l&3 p M» p C O /gmoie CH* 

J s ^ i ^ p.. 




SR' 


m 


l + 1.5P Hl igmcat-EunJ 
From the above expression: 

U The appearance of Ifc in the denondoatot su^aa ihai H ; is assorted on the 

surface. 

° T^e fact Lhai CD n« app«r b * e deaoim s^gea* m it rcac& „ a 
phase species. 

3) The squan. root dependence m the amtmnr suggests that Hj splits. 

Therefore, suggested mechanism is; 


-h -fclfP^Cs -CHr^,] 


+ s 

kj 

H r S 



H^S + 5 

t 2 

—'t 

2H»S 


/6 - 


?3 





























CDP10-L (cortl'd) 


H*S 


1=3 


4 CO 

— * 

CHOS 



*— 


CHO-S 

+ H-S 

Ju 

C*S + HjO + s 

c-s 

^ 2H 2 

ks 

—► 

CH* + S 


* r 3 = kj [Ch.j Pco - Chos/Kj] 

* r * = ^ [CcHf> s Ch-j - Cc-s Ph/o Q/K*l 
**S » k} tefcs Pfc, - Pch* CVKj] 


Rcnaria made in Chapter 5 of the leu sagfeu th« reaction 3 is rate controlling: 
Ck^s = K| P Hl Cs 

^ = ° C H -s ■» V K; C HrS C* « V K i K ? P Kl C s 


vf«° Cc s * - PcH ; - c 5 
k > K 5 Pb, 


7 ^- = 0 - ^Cti, Pro Cj _ Pot. Ph[Q Cs 

M K* C H-S Kj K< Pi. Cu.r “ K - If, JV. V. t 


-ty - k] fru.r P™. 


I ^H‘S Pco ■ 1 


K) 


K4KsP fi.Qfc, KaKjTKTKTPffi 

»“Kj K; P Hl P co G S -g CH,PH^C s 


Kj K* fCsVKTI^ P{?J 


or f-r 5 } = c s [pi P co . - p CH. Ph,q I 

PSi M ftl C0 K| K : K, K, Kj, 3 

Cr - Cs ♦ Ck,s ^ Cc. s ■*■ Cch&s 

C T = C s [t + k, p H , + VR i l!j - p , ir + -fefe_ PciLPna 1 

1 KjPh, PfcJUKjflCnSf 

Kinetic expression becomes 


k 3 vXTXT C T 


-*i ~ r 


Ph-.Pco- 


Pq-l Ph-o 


Ki Kj Kj Ksl 


K, Pi?, + yTCTKI pfo 4 i£5. rp H^. + ? ™. 

Kj 1 C* Kj , 


Reaction is irreversible Jet Kj «. Then 


-r. - ^ C T Pfr. P~a _ k 3 yKTTT C t Pff. Pco 

P^Jl + Ki Phj + VKi Kj P^’J I - Kj Ph* - » Ki Kj 


with Kj P Hl » yTTRT Pjf,, we g-i 
■r 3 ^ jEi.^r^CTPtf. Pm 




j + Kj p H ■ expression implies that ai moderau pftssiiies T most of ^ 
active sues a*, occupied by the Hj aekeuia 


/o - 


i 









































CDPIO-L (corn’d) 

^ for a plug flow racier. Denote Af=] CO Bf-j h • & 

Fjw yAo *' x f = 0.80 

156.23 ItaH 

oav 

^Plajutea F»dX.. rAdw „J 

■F 

-r^ag jjgp^ pjg 

1 + 1.5 p fl 

P A « C A RT*£*jXT(hX> _ tj.y, 

J ”‘ tX _ i + eX ” 

p B = c a R Tj; £A0RTfe^_3xj CRTf3 , 

1 * eX- ^ T!lv 

, <+£X l+tx ~ 

. r , = 00133 I^ Pp f l '■£?I f-VAO P Q fI-X] ?J« , 

-,t ] » F y- - 0-0133 /r yAO p «n-X] P< 

i + i ^f /*oP,ii-x ir—=- -u2xH 

i i-ex^ * ■ 






=BL^ _ 1 r* 

0-OIS3 vTfy A0?fl ji/2 jf Ul^f" - J-S >A0 Pj-L^p^i 

*° - 3.75fuuaM 

Hsjtw , ■ ! - X J / 

»* cajl be. soJvcd STOpso „- s raJc 

f0 ° + 3-75pdttaqw m r].Q^v 

1^. * 1 « J 'I l^ + 5-75jfl^j 

I 1 


dX 


dX 


it/a 







CDPIO-L (corn'd) 


X 

1 -X 

1-0.25X 

I-Q25X 

!:X 

l^L +3 ,75 


f{X) 

w 

WffX) 

0 

1 

t 

i 

Tffi ! 

Vow 

4.750 

i 

4.750 

0.2 

0.6 

0.95 

1-1875 

4,974 

1.090 

5.420 

4 

21.679 

0.4 

0.6 

0.90 

i7s6o 

5.250 

1.225 

6.430 

T 

•m 

12.860 

0.6 

r o.4 

0.85 - 

2.125 

5.875 

— 1,458 

8.564 ' 

d 

34.257“ 

“0.8 

; 0.2 

0,80 

4000 

7.950 “ 

—tm 1 

15.50(3 

i 

157500“ 


f fixyx -QJL[4.750 + 21,679 ♦ 12-860 + 34.237 * 15.500) = 5-936 
w - 5 m. gro car ‘ nw „ 156.23 Ibmol .. *5* part K [ *V 

0 0183 YT(o. 25 *lOp' 2 *** d3y ,broo! 24x60mm 

W « 2334 g 
Cb) Design of a CSTK 


Design eQuaaon is W = ^ ^ 

* r A 


W 


£as£* _[fli£2£.]« - Uv^pJ-b^-H 

VTfv^pJwtf 1-x > ^’U-xJ j 


w = 


0.0183 VT[y„P B JW 
125 lbmol/dayxO S r i H.251. £)'p~ 


0.0183 fTlD.25*l0p J 




W =* 1^371 Ihnni K gm cai - min ,, 4<4 gmo] _ 1 day 

day gmof Uxnoi 24x60 mm 
W = 3900f 


CDP10-M 


(a) a = 0 at tbe end of the reactor 
da k D 


dW V s 


J-da-^-JdW 

i 0 


-o-fMilV 

l u ‘; 


5 kg) 


]. a= 2b w 


U s =lkg/s 


/£>-?&> 







































CDPJQ-M (cont'rf) 


(b) 


For Lfj = 0.5 kg/s: 




0*5kg/s] W ' I *’^ fc S L, )»V 



MoJc Balance; 
Rile Lsw •* 

^cay Law ; 
Stoichioinetr^ ; 



* dX , v 

4 " "■ ) 

< -kc A c B 

0.28“' 

dW ~u s *o^T 04 *® J - 

(As “™T.T„p,p., aDdl) ,„ . 
C * ' c . »C„(|-X) 


a = J - 0 . 4 W 


- - 0 -O- 4 wJc^(^x 7 ] 



.^LKI-X) 




,x kc : ' 

W-X) p 

Fro A& l 4U e J 

*,* 2 « l spj 2 - 5 r u 


/ o " 7 


















CDP 10 *M (corn'd) 


(d) To achieve 40% conversion; 


kC 


0-x) 

=0.^ 

(i - 0,40) 

Uj-74 kg/s 


a / 's 

W—^2-W J 




2Ui 

5-^-5' 

2U S 


0-667 = I 


23 

U s 


(=) 

For Uj — »; 


X 

0-x) 


kC 


2 f 


w 


A* ^ 



^^ = (0.2)W^ (0-2X5)= 1 =* X = 050 


X 

FX) F*. 


CDP10‘N 



(b) Numerator: F* and Fe 


Denominator: Fa and Fc 
Power of Dencnunajor. 1 


(c) Proposed Rate Law: 



1 + k^-KcFc 





(W) 


























CDP1D-N (corn'd) 


(d) iq fisid t.he rate ]aw raa „. , 

«>t. piomd r. "" ,aw *° 

“ '•* slope and intercept ol the line PranMers 


P.P, 


—r. 


= + K. p 1 
k * t p c + r 


First, held P c cons tint and plot Vs _ p 

“ij 

From the plot 


'^ D ^ C fc y— intercept 


t + K r p, 


3.59 



SeCDnd - hoJd P a constant and P I ot ?+** 

~ T i 

From plot below 


vs. p_ 


Slope £: — Z 


1.6025. 


Y~ Imerrcp: = - ^ ^ , 


5.575 


Ustnsihe /our equanons jbov( a jo]m ^ k ^ ^ 


Jt =; i m a! 

1 -K a = HJ2 


***""• K e = 4.i665aon“ 


fo -y ? 


I'jJJmclcr Enluidon wiili 
atm 


PirimMei EvtlrntJon 
ubi 




gcat * sec * atitr * 





















CDPlG-N (coni’d) 


(el A and C are adsorbed on the surface of the catalyst. 

(f) Proposed Mechanism: 

A + $ » A * S 

A-S+B=»B+C'S 

C'S«=CtS 

The irreversible reaction step was assumed to be the limning 
step. We check this mechanism and rate banting step by 
rearranging and combining the rate laws for each step, !f the 
mechanism is correct, we will obtain the rate law proposed in 
part c. 



k, is much smaller than kA and ko therefore, -0 

*c 

C^=K a P a C v and ± 

Also r Ct = Cy 

C- 

After substitution, C v =- 1 - 

1 + K^ + K^ 

Next. substitute the above equations into the reacdons step to get 


_ T kP,P, 

s "i t k,p aT k.p c 

Because this is the same as the rale law in part c. die rate law and 
limiting step assumptions have beers verified, 

/o - 1 o 







CDPIO-N (cont'd) 


' !> R ' B ° 8itES A *>*'« **« 80 % conversion: 

§“■* £££ ■ K.fsJiiX) . 0152X^1 

M r c -' K S~x '(osSkoIo )' 081 

of sires oZC. 4 ' '‘ l " Ch ' h ' of sites of A equal the number 


£^ = kjioq _ f]i52)n-xi 
C<1 K ^ X ~M-1G6S}£X) ' 

X = 0. 76 


(Solution by JvT. San uni, } r .) 




-isw. “ p •* - 

“ lk “ s ,ha ' A “ b «* “ n»oumetitor ** 


~ r A ~ 


I + A'^P, 

Looting at the rate dependence of B we see ,w 

fc - 1 

jf 6 ^ a[ the ra[e dependence of C wc see f w - 

***** f rom 0 to 4 atm d . “* ®* runs 7 and 9 P c 

p nS 7 ** fb * Pa increases from l ^ ^ ***> ln ^ 

isVL^Sf IBthe numeraTor 2*0 denominator O- ius[ h ^ 15 ^ e«her 
Pr0dUCllf ** SiDCC C 


I + A c P r 


So the rate law becomes 
—— ***** 


l + K A P A+ K r p c 


/o - 9i 








CDP10-0 (corn'd) 


With [hat rate Saw £hc following mechanism exists' 

Adsorption 
A -f S —£ A S 

Surface reaction 
A 5 + B(g)—► C S 


Dissociation 
C S-^C + S 

The surface reaction is the rate-limiting step. 


b) Jn evaluating the parameters wc can also see if our rate law is a good one. 
Plugging into POLY MATT! we can come up with the parameters. 



e *** j o-* 

<3 mt-M 

QZmMu, *' pfl 
Vflu# 


npq# I : r« 1 |-l!lPAl 1 * V 1 -«C = *Pc > 

* « Kc - c.5 

k* - z.-3^aa^ 

^ PCifLEiwfr r mflbjl fi* * r’-F-JL i VP c* a S-ZfiUaSe-J ^ 


Wc find that the rate law is a good one. L = 0.00345 

K a = 3 
Kc = .5 

c) The best places to add points would be where Pr is changed, ban P A and F& 
not changed. 


d) No solution will be given. 


/o - 9 Z 

















CPP]0-p 


2 C ' 0H ^ C! Hj O C z Hi + h 2 0 

(A) m fwj 


A + S £ A-s 
A-S+A-5 2 E-S + W-S 
E-S ^ E + S 
W.$ £ w + S 


dCi 


At steady state r»~^a _ . 

di r * n = 2r : = 2r 3 ■ ;j, 4 


r l = t,fP A C s -C A ^J 

^ “ ^2 LCa-S * Cg.5 Cw.$/Kj] 
^ [Ce- 3 * p£ C5/K3J 

<■* = 1(4 [CW-S - PW Qs/KJ 


1< surface reaction l<i cwnrotJtng. 

5 c ** - 1C, P A c s 


?■=« 


£ E0 c e . s «El&. 

^3 


*-*o 


c w . e = *v C n 


c '^ +c - +c ^4^^] 



I+ *’ p ' + j?+ : § t - 

A i A 4 


L? . 

jB^^-ikiCf ki 3 

g| ^ - Ki K: K 3 K* 

l,l>oina9 “fi3.r E .o.p„. 0 
tp i 


Usin 


r =. 


fl+Ki P a )2 

t *?a 7T 


^P^Orof t/j]" 1 

r iff**™™,,* 

*- s{ °f** v T = 4 < * ‘ k 


v fc 


1.945 


_ K 




■*► k-0,0409 
*• K ! = 17.31 


/c-fJ 






CDP10-P (cont’d) 


Using point 10,P s 0 K*»0 0399 

Oise* 

Using point 11, Pe ~ 0 = K* ■ Q.0368, close enough 
Using point 6 , Pw = 0 =» Kj « 0.659 

Finally, using point 12 K*, - 0.0975 

00409 (Pi, • IQ.ZSSPt Pw) 

[1 +■ 17.31 P A + 1.517 P E + 25.05 Pwj* 

Note: K*, rnay also be calculated using RT In = -iO*. Interested traders are 
tncowagtd to check the goodness of fit of this nit Jaw with the data* 


cd in o-o 


dX 


Design Equation : N ^ —- - -r^W 

at 


Rale Law: 
Decay Law : 


*r;=k f C 


^3 

fl 




Jda = -0,05 j rfi =? a - * - 0 05t 

S 0 . ^ 

Front ihis we can see that the maximum reaction time is 20 min. We will find the conversion 

Stoichiometry : { Assume constant volume) 

N, 


Combine: 


c.=c»I)-x)=y ^ x1 

dX t-a-0.05»t(l-y) i «' _^ f. n^.Yi-vV 


dt 


VAL 


—^(j - o. 05 i )dt => JL 
(i-x) 2 v- J ‘ X 

JX_ _ (O.OlXlOX0(2Q. Q.025(20y )■ 1 
1 -x ( 1 ) 


k'WW 


^(t-0.0251 1 ) 


M 


X ~ 0.50 


JO -94 















m-R 


a) Mole balances. 


^ dK 

r * w sr ' 

fate laws: 


& mr 
dW f 




stoiduomeiry: 




f c = aJtjCj, 


C a = £l= FAl-aW)™ 

V ^ 

C„ t i = yvfi-gH '} 03 
v 

decay Jaw; 

V 

Evaluate the parameters; 


K -0.02 * dp 

tei 

rj-j] 1 


L 1.987 1 

.400 jJ 

^ =0.01*expj 

f20000, 

r _L i'l] 

L 1.987 I 

.400 rjj 

k D = 0,08 * exp 

te 

'j_ i y 

1 

1 1-987 \ 

,4oo r J 


™ c! “” s ' Vlli; ' s ° f u >’ T - Md v . uv 

°' 63J *“ « 


/a - 96 







CDPlO-R (cont T d) 


Ecfjat iortS = 

4( £&] /diwj =3r* 
d(fb) /d(v)*rb 
d L hC ? /d (wj etc 
din] fd{w}f=kd**/V£ 

T=3SS 

alpaS Sa-J 
voi.533 

kd=. 00 *exp ■! 150D0/1. ?8? * [ 1/400-l/T) | 
k2*.Ql*msp <30000/1. W [1/400-1 /til 
kl■ , 03** JCp[10000/1,3B7*{l/400-1/7} J 
(1-Alp-w)*,S/vo 
eb*fbMI-*lp«1ir}~.5/vo 
re** - a * kl * ca 
rc»a*k2 fc efr 
j:b* -&Mk 2 *cb-kl,'ea) 


v> r; *bH 

lr.:Liiil valua 

Wj.i L pzn Vm3.UA 

fUoiou* valu* 

r in*: vjLup 

V 

0 

LOB 

fl 

IPG 

t* 

1 

l 

0, AnJV43 

g 3fllJ34S 

re 

ft 

0.52ll£i 

g 

0 44E43C 

fc 

ft 

ft.iimi 

0 

0 473*?] 

4 

a- 


i 

i-sifcs 

u* 

ift 

1ft 

10 

JO 

T 

JM 

w 

in 

ISfi 

4lp 

& fton 

&.ft8H 

a*resi 

O.flttl 

Vfr 

ft 

e.m 

0,4i3 

□ -■6H 

kd 

ft 0441141 

O-ftMiUS 

a flmjii 

0.044111* 

kl 

» CiCI^SSit 

ft. 00773*54 

0.0077555* 

0.007711^ 

kl 

0,0174111 

ft tmm 


4.D114U1 

£m 

I, *1*71 

unu 

o. Oiiim 

g.aillMi 

Cb 

e 

043045 

4 

0.4JI7HI 

ra 

-ft.027tj|| 

-o.4aHie4fti 

-fl.027 i:n 

-0 QftDlJMIt 

iX 

4 

o oaiiiiiti 

0 

d. 0414**01 

rfa 




■ C JQDiimi 


b> Using the same program we can find what n takes to get ihe most of C possible. 
We find iba! at I = 396K. U. = JO, and v 0 = .03 we can set 3 mol Os, P Afl = 
1082,4 am. 


■/Mr 1 Ab ] 9 

tbltJ-al V4Jy-* 

hLs_y i 7ui v*’u* 

Minima- va L _ * 

flm; L'i i t 

u 

D 

100 

0 

IPO 

£* 

J 

J 

1 02«3a-31 

1.07£2Ia-13 

£b 

0 


0 

1.3 5041a-10 

tc 

0 

J 

0 

’ 

4 

1 

j.*3tea 

1 

1.43702 

tu 

10 

ie 

Ift 

10 

T 



l*fi 

J9t 

AlP 

a. dh »g 

0.0E14 

S.ftOfrft 

a.og3i 

VO 

0-0* 

ft, 01 

0 fti 

ft. OJ 

k4 


4.CE41U* 

g 041114* 


tej 

o.ee.77**,** 

D.£077SS&t 

0.0077*554 

g.C07755!4 

fc: 

0-CL74111 

0.ftl7£m 

0.517*111 

a .4174231 

C* 

33-33*j 

IJ.lllJ 

4 3 jTS*t-Sl 

4,43-7*|«-23 

Cb 

ft 

17.2«*& 

ft 

€ ?6£?5e-:f 

r* 

-t-.£&7is< 

-l.E5££?a-;i. 

-:• 5 * 710-1 

- 1 -5 5 ; ^ -1 i 

rc 

0 

B.utrs 

o 

*.H742v-12 

rb 

O.UT^I 

0.£ b7:d* 

-0.37147*5 




c)To gel Lhe Time-Temperature trajectory w e can me ibc following equation io 
create it: 




















CDP10-R (cant’d) 


] - exp 

[ti 

(h 

-11 
ioo l 

It 


Gr'5.1 

i" 


This will give us the following graph: 


Tempera lure-Time 


T rajectory 



d) For (his we just add an energy balance. We have to assume a hear capacity of the 
catalyst since none is given. Here it is assumed to be 100 JTtgcat 

•iT _ ( r »X^iu I 

dW ~ C,,£/, + C p {F A + F t + f c ) 


Plugging this into the POLVMATH gives the following program. 

We find that the temperature is 388K, U, = 10 kg/s and v,- 0.51 dmVs, P Afl = 
62,4 atm. 

Initial value 


tions 
d Ua) /d(wf tra 
**fb> =rb 

*(■1 A9(*) *kd-£i/Us 

^ETS ■= Lra* (-16000) - rb* (-12 000) > / [cp* (U3-* t a- fh-rfc) ; 

.&&7- (1/4B0-1VT) > 

^IG-Q 

^ ll - , 0l*Gxp(2OOQO/1.3a7*a/4Q'0-l/TJ > 
^■-te*exi[>(10lKM>/1.5e7*a/4M-1/T*) 

*&•_ 5l 

-S/vo 

*^4"fcl*ca 


1 
0 
0 
; 

3 SB 

2r-.i ::t 1 '■■ a 1 j t h«i- l ^ib v&lwt r Linu.m valuii 




^k2'cb 




** (ka-cb-kl-ca| 
° h w £ * 100 


:c 

4 

T 

m3 

Utt 

TP 

>_± 

ki 

*lp 

vn 

-i* 

tb 

r* 

tc 

ft- 


:-ca 

u 2 4.112SS 

Ifl 

*&& 

C OSHHir 
f CIJ553 
fl.eoii 
& 5 : 

* 

-E?.OSS£?*4 

& 

G 02^44 


4.611156 
•: 11553 3 
: %c*ii 

: ;-u£i53 

Iw 

lfi£ 

a.fife&lftT 

fl 

* T53S 
4-£l 
l.*C07| 

3 7#im 

-.□.MQTSHTt 
5 BMTUSB 

* fj«57*4 


a 

0.173516 

0 

0 

131.464 
0.O15TS1 
10 
IOC 

0. M3 54413 
0,c;ge£21 
O.G0SI 
0.51 

0 2131154 

4 

-A ajMT4J 
0 

1 3aSI**-flS 


/6 - 91 


Ft-^al yttJ-LiB 

IDO 

5.IT 3 SIS 

s .6 mss 

C 31532E 
1 WH 
332 . ifl2 
D. -3532*05 
10 
10D 

D.amMrr 
o guii"7 
p.aD3-3 
0.51 

0.ti(tLl*4 

0.14MT2 

-fl.ODflTHP* 

O . Efl.&TT^2?4 

s 





















PU-1 

No solution will be given. 


Problem FI 1-2ft 

Pari (a) 

No solution will be given. 


Part (b) 

No difference. 


Part (c) 

No difference except on physical property data. 


Part (d) 

The growing core model would have the same molar flu* as the shrinking core 

but R(t) * the radius of the carbon 
interface will increase with time rather 
than decrease. 

The rate of appearance of carbon is equal to the flux of oxygen to the gas-carbon 
interface 





Be. Cm? 



and 


dR _ rc T 
dt 


dR 

dt 


Be, Cao 

t-p* 



iT 
Ro j 


as for the shrinking model but 
without the minus sign, because R 
increases with time. 


£•$ 


//- / 











Boundaiy conditions 


PJJL2cont’d 

t = 0 R = Ro 



Part (e) 


R'-Ra 1 Z)tGf 
2 3^ “ fr.pt 1 


Liquid phase : e.g. water Re = F: —— — ^000 x 0,1 x 0.05 

ii 10?-3 




5000 


// 








EJlc2«mt’d 


single spheres 


Gas phase : e.g. air 


Sc- 


10s -3 


= 1000 


p. D.n i(XM)xl0s-9 
Sh - 2 +- 0.6Re ir - Sc in = 2 +- 0.6(5000 ) >iZ ( 1000) 


-400 


, Sh.DAn 400x10^-9 
«* '-- = "---= 0 - 0002 m' Is 


Re- 


5c = 


dp 

0.002 

p ,u.d 

1x0.1x0,05 


II 

n 

1 

u 

0 

] 


10?-5 


Sh = 2 + 0.6Rc ira Sc 1,5 = 2 + 0,6(500) 1/2 (l) 1 ' 5 - 15 


Sh.D*a 15 x 10tf -5 , 


Problem PI 1-3, 


Mol balance on oxygen : Foi - 0 + ro 2 = 0 

Fo 2 = Co ; . d d and ren = - k.Coz" 

P-Xl., 


constant liquid composition, 
where n is Lhe reaction order. 


Assuming ideal gas law appltes : ^ = where u a - oxygen uptake rate mlVhr 

P ' pm 


Assuming that — = conj tan t , C by correction of ^ to some reference, 

then Fo; - C 

Assuming Henry’s law applies (low pressures) Co; = H P 02 


where H is Henry’s constant and Po, is the oxygen partial pressure 


















Fll-3 c&nfd 

Substituting into the mol balance ; Fo: = - n> 


C .u a = k.Co^k.(KPch) 



la = n.ln P>> ■+■ In 


A plot of In d- vs In Foi will give n as the gradient 

As the system prepare, P. given in the data is absolute : P ~ P* + P 03 

If in the reactor, the xylene is at boding point and dissolved oxygen and 
oxidized xylene are at low levels, then P* = 1 atm (open to the atmosphere) 

In order to deduce the correct kinetics of the oxidation it is necessary to find the partial 
oxygen pressures for the condidons where the rate is limited only by the reaction 
kinetics and not by diffusioaal mass transfer. 

Plot of stirrer speed, W T vs oxygen uptake rate, u* „ for each run will show the 
conditions at which diffusion is negligible. 


It can be seen that at stirrer 
speeds above 1200 rpm that 
OUR is insensitive to W and 
hence the reactor is well mixed 
he* no Liquid diffusions! 
limitations. 



OUR: Oxygen Uptake Rate 


900 
W, rpm 


Hence using the system pressure data at 1600 rpm for the plot of in u 0 vs tn Po; will 
give n uninfluenced by diffusion. 


Pc^ = P - P, = F - 1 


/ / " V 













Pll- 3 toi>rd 


0 ., rni/hr 

la u„ 

Poz atcn 

In POz 

21 

2.04 

0.2 

- 1.61 

6 L 

4.11 

0,6 

- 051 

106 

4.66 

1.0 

0.00 

207 

5.33 

2.0 

0.69 



The gradient, n = -999 = 1 , so ih* rale law is; 

“ r (M = k^Ql 


Problem P 1 I- 4 b 


Part (a & b) 
Mol balance : 


Race Isw : 


Packed bed, mass rranfer limited, gas phase 

I dfa ^ ^ _ p where Fa = U.Ca_Ac 

Ac d* 



1 Fa^X 
Ac di 

UCao.dX 

dz 


= rd' „ flc 


^ ra" r .£t 


U = constant superficial ^as 




Mass transfer limited boundary condition 

ra‘' = kc.(Ca - Cas) buL Cas - 0 T rapid rcaclion 



fl ~ 5 




























Stoichiometry : 


Combining: 


EliiJ coated 

Assume constant T, P F gas phase 
^ Cao(l-X) 

“i+e-Xj" wheree =- vao $ = 005 x 3 = 0.15 

U.Cao.dX 


dz 


- = rd'. a* 


Cao.Uo,^- = ac.kc.Ca 
dl 

dX_ at.lcc.ii~X) 
dz Uo.(l+0.l5X) 


Use Thoenes & Kramers correlation for kc : 


Sh' = (Re’) lfl (5c , ) lfl 

in 


f—1 


U, dp. p 

m 

-_ff 


7 ; 

. M-d—<j>xy _ 




Parameter evaluation : 


rivi 


6(0.5 f 0.5’ 

U 


JT 


— 0 . 23 Scm 


Diffusion of cyclohexane in hydrogen {assuming constant T, P) 


Dab = 


0 . 001 T 


«LL + j_r 

L Ma Mb I 


'K2>r+cs>rr 


Fuller Schettler, Giddings for binary mixture, low pressure, non 
polar (Perry s handbook chem.eng.) 

Ma , Me = molecular masses = S4 ,2 respectively 

V 5 , Vb = diffusion volumes = 122,7.07 cm J /mol respectively 


Dab =5 


0.001(773)'4— + 11"^ 

=- 1.84 2 J x 

r ~ - U-S57cm / j 

2[(£l22) 4-(7.07 ) ,,:i 























RMM_P 

R.T 


PI t-4 coDt*d 


0 = 0.4 


2.7t. —+ i t.d.l —+ 0.5(0 J) 

Y =-4__-- -2-= L14 6 


n.dp- 


0.572 


„„ v» 60000 Crtn , ( 

t/f> = — = •—p;-= 50,9cm / s 

Ac n.dr 
- ou 


U = Uo.( I + e.X) = 50-90 + 0.15X) 


(84jQ.05.if2) + (2,10.95x2) 


= 0-19jfrm/( = 000019^/ 


0,0821x773 
ji = 0.00017 g/cns.s (H ; . 500 K, 2 atm) 


„ . 50.9{I + 0,15X)0.572x0.00019 

Re- =- 1_- ^ - - 47.3(1 + 0.15 X) 


Sd = 


0.00017(1 - 0.4)1.146 
0.00017 


■ = 1.044 


hz 


0,00019x0.857 


0.572 f 0.4 \ 1 _ 

1-0.4/1. 


kc = 


0.857 V 

l 


146 


0.388-Jtc 


a r = ■ 


0.388 

6(1-0.4) 
0.572 


[473(1 +0.l5X)J rt (L044j" = 17.98(1 + 0.15X) 1 ' 1 


= 6.29cm" 


tt-X) 

d- ii + o.i5xr : 


polymath 



7 
















!J .1 .11 ■ nmi 


Fll- 4 con£*d 


fioblom P11-4B part a/b 

jfcltipns - 


m ww-a 23 * u-x]/ ci+ as**) -, s j—--- 

V # - ^-s 

Initial value Kaximus_valufc gj niznum vfllu g F^l VaJi^ 

* Q 5 o 5 

* 0 G.99^7 e 


0. 


ffiL 



1. R4 
MS7 
3 75 
3.412 
M?S 

2. fJ?! 

1 


U 

U 

U 

34 

U 

M 


x__ 

0 . 9*591419 

O. 3364 LOL 0 

0.99654*94 

a .3972233 

0.957&6S1S 

0-9*735072 

□.99312039 

G .*932 

a .99G&4395 

0-9937251 

0,9933793!] 

0-99*02579 

0-99313525 

0.9993402 

0.99933242 

0.39941344 


Thi relics show chat on];,- 3.5 cm of the tube is rsoiiined tor conversion of 99 9%, 
much Im than the full 20 m 


//- 7 
















Part (c) 


to dp 

f * 1 


u dp p 

U2 

n 

Dab 

U-oJ 

V 



pDab 


Pi i. 4 ctmt’d 

V 3 


Assuming tte pomsiry ranis the *mn. facroa in >h. bJ 

of the catalyst pellets are: 

' 0.286c 

2 it ~ + 1 id A + 025 ( 0 . 23 ) 

7 4 -2----■ - LI 45 


Re- 


it.rfp 1 ^ 0286 

50.9( t + O.l5X)0236-vO.OQOl9 


=: 23-68(1 +0-15 A") 


0 . 00017(1 - 0 . 4 ) 1.145 

0^86f_a4_\J_ =awfe 
0-3J7U-0-1 } 1.143 

kc = — h3.68{H*0.t5.'Or 1 [l044j' ! - 2529(1 + 0.15*^ 
0.L94 1 

12.59^-' 

0286 

dX 12.59-t2329( 1 + 0-13-Y)'''~ 0~ Y) 


dz 


50,9 

U-JO 


^ = 6 , s _ 

dz (1 + 0.15XV' : 


(1 + 0.15X) 

POLYMATH 


//- ? 


























P11 -4 cont’d 



As can be swn from the above graph, the affect of reducing the dimensions of the 
peJJL-^ by haJJ results in the conversion reaching 99.9 % 1,18 cm from the entrance. 
This seems reasonable because reducing the size of the catalyst particles is one of the 
methods for increasing mass transfer and hence kc. 

Part (d) 

It pure.cyclohexane Teed were used at the same volumetric flowrate GOdnvVmin , then 
the initial bulk concentration would be greater and there would be a Greater 
concentration gradient across the stagnant film on the pellets. However the mass 
transfer coefficient will be reduced as the products must diffuse away from the surface 
which will be harder in higher concentrations of cyclohexane. 

Ihe equations used m Part (a) do not incorporate Cao, the initial cyclohexane 
concentration (Cao is cancelled out), so the only affect this change would have is to 
alter the physical properties of the bulk flow : 


P = 


RMM.P 

R.T 


(84*2) 

0.0821x773 


— 2.647 gm /l — 0,002 / cm* 


d = J - g/tm.s (cyclohexane „ 600 K , 2 atm) 


Part fe) 

This problem gives an indication as co how changes in parameters may affect a packed 
bed. 


// - fO 










Problem P11-5& 


j Mass transfer limited, rapid reaction, packed bed. 

X, = 0.632 for d p . L b and u, 

X 1 - ? for dp/ 3 . 1.5 L b and 4- u CT 


\ (i J 


or Lm 


(Y 


’! kc.av.L 


Thoenes and Kramers 
Rc _ P^t 


XJ u 
Sh r = Re" 1,1 Sc' * 1 ^ 


Rc' = 


(i-^)r Mb-t) 


assume spheres (y = 0 and constant 
fluid properties, votdase. 


Sc'-- 


p. Das 


Sh.<b kc.dp.p 
Sft — T — “— 

(t -<p).Y £>«0-*) 


Jkc = 


£>*.(l-<b)| 

p h ^ 

d>4 P \ 

, 1-4* 


IXI 


Sc 


i/i 


jfec >*• 


us— constant bed diameter u * u* 




Hr = 


6.(1 -«S>> 


Am 


dr 


, { f ^ 1. i i i , 

U-xJ <U u- u* d/ - 


m 


m ea 


1-0.632/ ( 3 ) L _ jf'M 1 'V.if f *1 Y- 

^ 1 j " vf n ' d P v - 1.5L UJ \3) \de) p 


= 0.257 


Ln - 


1 


Zjj-J—=- 1 - 0.63 2, „ 3 896 

1 - Xi 0.257 



X ; = 0.9S 

























EU^cont’d 

Proposed guidelines for optimum process conditions : 

reaction rate cf diffusionj of chtonfle ls Only tnass transfer limited (j. e . rap j d 

S ihe “ 

influential on X (raised to a higher oriwi»r 1 i - „. * C acJer ^pendency is more 

constant packed bed propert'cs* Tf P \ SO reduction of x> may be preferable (for 

velocity may be preferable for a' mass Iten 3 Jar ^ 


Problem Ptl-^ 

»,,, trailer *Wrf p^a w mttsmc naaim 

Part (a) 

A.™« a Lan 5mu i r-Hinshelwood ™ch anism : urf ^ 


-kl.C* 


1 + k l. C<i + Or 

aE T weak adsorption 

wticre equilibrium con^iant 
Mass transfer limited boundary conditions 


l»k A .C A< + ki .c 3 , 


= 


Ai 

A-2 


Wa = k A.(C A - Ca.) = - Ta, 1 

l^urtic,- - k a ,(Cu K - C B ) = - r v ” 


¥~T 


//- /a? 





Fll»<j €PDl*d 


{l) + (3) eliminates 


(2) + (4) eliminates C&* 


Ca - Cm - 

d .3 

■ 

II 

(l) 

Cfh - Cgi = 

- 


ka 

(2) 

L £.] 

— Taj” 

(3) 

L k\ 

*1 



But it is mass transfer Limited so kl is relatively large 


Gives 



— -+ — 
fc» K 



/t - 13 















Fll.fi confd 


Fart (b> 


X, = X; 


Dil 


/ i fe.fli-- L 


Thoenes and Kramers 
Sh' «kc and Re 1 “ u 

i-C.-di.-L, kd.air. L-. 


Sh’ = Re' ir 'Sc-^ 


W. 


*c = 


£u(i-^)f pgU 


Ji 


d p $ {p°» ; 

lt 4 K u ,fl ail other parameters are constant 
ik, 55 at! = constant 

Li L* 


MS 


if the flowrate is doubled and the diameter of the 
packed bed remains the same, then ua = 2 ui 


L:-( 2m)” 1 ” = LdlD 

Ml ' 

Hcn „ the tested «*« weight W, will be 1.41 W,. the engine! cttly* weight, if 
the strategy is lq increase bed length rather than diameter. 



E increases, e E increases, l/e E decreases, X increases 


/!- t* 













P11^6 coated 

If u T then E and X 1 


Temperature. T. affects kc (via D^ 0 , U and p) 

/■ \i' 3 / 


« Jpi# 


£ 


u 


q.Dab 


from T-K correlation 


D r ip % 

hence E «; —— 

j,/a 


If T T then p X but p and D* a T so kc f E and X 

Particle size, dp , affects kc and a,; (not u if voidage remains the same) 

1 


kc < 


dj* 


from T-K correlation 


£ 1 l- 


I 


Hence £ « —— 

ft* 

If d,, t then E and XX 


Problem PI L-7a 


Mesh. gets phase 


Mol balance: 


dfa 

dV 


- -kcxu.Ca 


- dX 

Fao— - kc.a t . Ca 
dV 


Stoichiometry : 


constant T n P 


Ca - Cao. 


o-xi 

(l + e.X) 


e. =■ yao.S 


th 










Fll-7 cont’d 

voidage , E = \ |+ 

4 L 250 " l 25,4 J 


'250^,0.63 


Ai STP (273 K, l atm) : 22,4 dm 1 - ] mol gas 


Assume idea! gas law ; 1/2 = "y'J* = ^2^73^ = 2a5 ^/^ 
Total molar flowrate, Fo - 8.44 x [0 = 84.4 mol/min 


u u - 20.5 Fo = 20.5 x 84.4 = 1731 drn J /min - I73le3 cm 3 /min 


Ac = 


IX. it ~ 

~4 


Jt.10" 

4 


= 78.53cm ! 


U- 1731c3 

“ = ~ = ^TZZ = 367,4cm l s 
4 c 78.53x60 


3.67 

1.387.-—~a«4*-3 

Res-—^--- 

2.7c-5 


SS 13.17 


Sc = 


{P-Dabj 

(295 K, I atm) - 0,247 cm 3 h 

I f 500 V 7 5 

Pnhj, tir (500 K, 2 atxn) =* 0.247. = 0.3 Item 2 /s 

■7«-5 ) 

:0,31 le-4 j 


Sc* 


2.7c-: 

1.387x0,311 


01626 


Sh = Sc .Re.Jrs = 


kc^dm 

~Dab 


te= ^°- 626 '' ,, 3 - 17 7 ^ = ' ,fc "'' 


/f-U 



PI 1-7 cont’d 


For t mol NHi 
1-0,118 


Nt = Na + Nb - l + 125- — = 8.44 


3W 


8.44 


e =* 0. 1 18 x 0.25 - 0.0295 


&AS ~ ^0 


o-i is* 2 


RT 0.0821 *500AT 


= 0.00575 


10 


F „ = — - 0. !67mo/ / min 


60 


df = total screen surface area per total volume of one screen 

-llVJ 


= ic.L.N ! = n. 


1 


W+ d - 


N 1 N = mesh size = 250 


= lt. 


1 , f 0.0441 

250 1 T l 25.4 , 


U2 


250 1 = 855tndT T = 337 ctb _i 


Using Colburn J factor for kc : 


5ft 0-94 

_/d— - .j- “ « Tit for mesh 


Re - 


5c 1 ' 3 Re Re 07iT 

p ,Ui.d, 


but Ui is the actual velocity in the mesh 

* 


and ui = — where u is the superficial velocft? 

T 

Assume p (air T 500 K* 2 atm) = E ,387 kg/m 3 


p (air, 500 K, 2 atm) = 2.7 e-5 kg/m.s 
ChemCAD III physical properties database 















PI t-7 cont T d 


Substituting into the mol balance: 

dX _ . 1-JT 
dV c ° s (l + 0.03 Jf j 


= 118 , 337 ™°*^ 

0.167 (1+0.03X) 

= 1.37 —*- - ^ 

(L + 0.03X) 

where 


V _nxl0 2 x 2 x 0.0044 

v screen “ » - 7~ 

4 4 

POLYMATH 


= 0.69 cm 3 


Problem Pll-7b 

Beituatinna 

d[st]/d(v)*1-37- (!"*>/(!*(.Q3'*l ] 

V E = a .£9 

Vaxiabl* lairiM. value WattiiMlia VttllM KiaiaMW, valuA 

0.59 

0.*07S9G o 



Initial, VAlue 

0 


Final. 

0.69 

Q.E37596 



V 


The result show that with a single screen T the final conversion is 60-7 % and is just 
sufficient for the requirement- 


//- /f 


















Problem PI I-Sc 


Diffusion in adjacent skin layers 


Skin Saver interface 
Fnzi 


P N , = 101 kPa 
P Htf = 0 kPa 


Outer layer 

Scrotum 

comeum 


Inner layer 
Epidermis 


0 


Si = 0.002 cm 



§, = 0.01 cm 


Assuming dilute solution and constant total concentration in both layers gives: 

d Ca 


^=0 

dV 


dz 


= K i 


Ca = K i-Z+ K2 


for each diffusing component in each layer. 


Nz: Outer layer: boundary conditions z = 0 F Ca = Cad 

z - S[ , Ca = CAi 


K\ = 


Cm — Cao 


K^Cao 


Profile Ca = Cu> -(C^ — O/).— 

St 

Inner layer: boundary conditions z = 5, . C A = C^i 

z = Si * Ca - 0 


JTi= — 


Cm 


Si—St 

Profile Ca 


ffi = 


Cu r 5: 

5i-ST 


=4—1 

Us-«J 


= 0Wi 

= M 





u-n 
















Total partial pressure profiles 


Flt-S cont'd 


C^ter skin layer : p A + Ps = p AO _ ( Pm _ p A a ± + A 

fit Si 


= 1010 - (1010- 1000.).-—-—. + |Q —- _ 

0.002 0.002 

= 1010-1000.7 + 5000.- 

- 1010+4000.; 


Inner skin layer: 

P-i + Pe = P AI , 

= 1008. 








= 810 +126000(0.01 - -) - 1OOOOOfO.Q1 - -) 
"310 + 26000(0.01 — 


Cheek : At interface (z = 0.002 cm) : outsri - a y er ~ inner layer 

P* H- Pb ^ P.l +- P» 


EQ10 + 4000.: = 810 + 26000(0,01 -:) 
1018 = lOtS correct! 


Plot these two profiles across the skin From z ss 0 to z ±r 0.01 cm 


//- £0 










eiLiScont f d 

He : In tier layer: boundary condi tons z = 6, p Ce = C M 

z - 5n . Cb = C@o 




Cm - Cat 


( Gc - Cbi \ 


B:-S, 

Profile Ca — Ceo — (Csa — Cm 


Kl C *° { 6:-Si ) 

\6 2 -5,J 


6i 


Outer layer : boundary conditons z = S| , Ca = Cpi 

z = 0. Cb = G 


Kj = 0 

Profile 

Total concentration profiles: 


~ Cti 

K,= ~r 

0< 


O 


= c “fe) 


Ourerskin bye r : G + Cm -{Cao- Ca j).— + Cw. — 

S] Ss 


Inner skin Layer: G + Cs = Cal f ——-1 

k 6 > — 61 y 

Evaluation of C^ and C ws : 


H- — CV 


N;; Outer I aver : 


Inner layer i 


WM=t~[ao-cu'\ 

Qi 


W*z= [Cat - 0] 


62-61 


Assume that flux in inner layer = flux in outer layer Le. W Ai = \V A 


Wa 

-^_=[C AC >-C*<\ 




6--Si 


if- 2 , / 













£lief<ontM 




_ i 

A.v: 

6. 


+ ■ 


Dux* 


= Gs 


Si -Si . 

Conversion of kPa to kg/cm*s 2 

ioilP M io!oaoP^] 0iM oi^ = io,o^™s J .ukp^ w W 


_ !z*o 

__ 

810 

P 

1 + l 


J 

1 

— 50M0" 1 — -i _ 

cm * i' 2 

Butt 


10 ♦JO" 5 

50* 10" 7 


L 4 j,-<J 


. 0.002 

0.008 j 



He : Outer layer: 
Inner layer: 


[jr , Oi Yl' , ^ 

w » ~ - 0] 


w*. 


D\ ftr DlNe 


S' S:~S,J 


We = 


— C&Q 


5: 

Dim* 


^^.[Cso-Ce,] 


W» = — 


Go 




r . 

. 1 

DlHz 


lQe-5 5xlQe-7 , 

- Si 6 S| J 


0.002 

0.008 J 


5-rI0e — 2kg / cm : s 


Hence : p M - _ UJ9xl0« -2 

_Di.v: - [,5.rl0e— f ~ cm.s 1 


6:^$, 


0.008 


Pm - W * ^JClOer —2 

Diftr ] Qe — 5 — f Cfrt.s' 


0.002 


//- < 2 - 2 - 



Fll~8 cont r d 


Pressure Profile of skin layers 


1050 



I 1000 


o 



800 


0 


0,002 


0,004 


0,006 


0 008 


0,01 


i (cm) 


The maximum sum of partial pressures occurs at the skin layer interface 


z = 0,002 cm Pjotii = 1018 kg/cm.s 1 

Pta[=5 101 kPa = 1010 kg/crrt.s 1 < P T *d = 1018 kg/cm.s J 


Hence the maximum sum of the partial pressures is slightly greater than the saturation 
partial pressure and so gas will form bubbles at the skin layer interface causing 
blisters. 

Problem PI 1-9.' 

Dissolution of monodisperse solid particles in excess solvent. 


Di-D+ - (Di 1 -D^^O. t 

2D* 


Define conversion in term; of volume dissolved : X — 


6 



6 


eivcs D = Di (1 - X) IJJ 


//- 















PI 1 -Q coiit*d 

Substituting for D : Di ~Di (1 - X)' n +-^(Dr -[Di(l - X) 1 ' 1 /) = a.r 


term L 


term 2 


Surface reaction controls : D' is large. term 2 is small cf term 1 

£>/-Di(l - X) t/3 = C£.t 


1- (1 - X) I,J = — 

Di 

Miss transfer controls ; D* is smaU. term 1 is small cf term 2 

-^•-[Dio -xr;f). 0 .t 


Both regimes apparent: 


Di 


^-5L£ 


2D -«-«-*r) Di 

Term 1 and term 2 apply 

[I- (1 - X)"’] + [-2L (I -(!-«»») 


a.t 
J Di 


Part (a) 

Mass transfer limited 
The 


Problem P11-1 


^ w v » kc.C AO A in excess „ C A s C A0 
reaction race is equal to the mass transfer rate - ^ kc C 


AO 


For small parties and negligible shear stress : kc - 2,P<? 

D 


.. 2-De „ 


/h *4 












pM.lOc ont’d 

f pzp 1 


Mol balance on solids : 


rljsD' =- 


dt 


6_ j pa p a dD 

6 di 


For l mole A dissolving t mole B then - r*” = - tW = ^oCao as Is undefined 

,C*o 


dD [~ 2.(-r^') l A.De.C 
dt l p j P- D 


Boundary conditions, t = 0 , D = Di 


](D)dD = - 


4. De- Cm 


J* 


Oi 


P » 

Dr - Dr A.De C*o.t 


D - 


Di 2 - 


S.ZJe. Cao 


1 


Time for dissolution, ic . at D - 0, and assuming particle density, p = 2000 kg/m 


2000 x (lOe — 5) ! 


fc = 


„ p Di ~ = -= 0.125J 


8. De. Cao 8 X (lOe -10) X (2000) 

i_e. virtually instantaneous dissolution 


1 


Part (b) 


Surface reaction limited - r^" — kf.CUo 

Mass transfer effects are not important when, the surface reaction rate is limiting' 


jW‘.it.£>* = 




Mol balance on solids s - - - df 

For 1 mole A dissolving 1 mole B then - r*” - - re," 


// - %£ 



















Pll-lOcontM 


dD 

dt 




Boundary conditions, t = 0 D = 


Di 


jdD*. 

Or 


Zkr.C*o r 


jdi 


D-Di = _ 


P * 

2 .kr.C*o.t 


n= n ,_ l >-^.r 
P 


Time for dissolution, tc . at D = 0, and 


assuming particle density, p - 2000 kg/nr 


(c 


~ p .. 2Q00x(lQ g —5) 

2 -* r - Cw 2x(lO rf ^io) X (2000) = 5,d0el Zj 


a very long time. 


Pan (c) 

At t = 0. total moles A m tank =* 0.1 x 100 = 10 mol A 

LS ' therC lSjUSt £n ° U “ h m ° h ofAxo com pJ«e!y dissolve all of B in a well mixed tank. 
Acid not m excess and dissolution is mass transfer limited (C* a 0 and C A * CaoJ 

w * = fce f C A - Cfcj = - iV = k,.C A 


Wa * = *c-(Ci - Cat) = -r M » = 


~r*s = 


fcr 

75- >Ca where 
1 —-~ 


- r A± 

kc+for 


assume zero order in B 
C* and fa- a Dg . 


£> 


D m = 


l.Dc 

kr 


//- £(* 











F11-10 contM 


Mol balance on solids : 


t" .k.D' =■ 




For l mole A dissolving 1 mole B then - r a*” = ' ^ 

i/4> 2.<—rV ‘ _fcr. Cj _l 


P 1 


2.kr.C* 


- _oi —I— where o = —— 
* * 
l. D’l 


ndarv conditions. C = 0 , D - Di 


Boundary 


Di _ D + ^-,{Dr-D'} = a.t 
2.D* 


As a function of radius : 


- 2r + Off - 2ri — = 0 


r 1 + Z)».r+ 


Using the quadratic soLver; r~ 


-b±-ib i - 4 .ax 


- & ± J(d ’t -^ ri3 


Time for complete dissolution, ic, at i - 0 : 


l . Di' 

£c = ■— Di + “- 

a 2.D* 


//-<£? 



PI l-lO cont’d 

, j , Zkr.C* 2*(1Oe•“ I8)x{0.1e3) 1rt- m 
assume p s 2000 kg/m and a ”- =--——-= 10s -19 

p 2000 

2 De 2*(l0e-l0) 


D* = 


gives 


fer 

l 


tc = 


10*-19 


10tr-18 


<!0e-5) + 


- = 2jdOe8 

(IQg -5)~ 
2*(2*10e-8)_ 

again a very long time, 


=10e[4j 


Part (d) 


ic = 


Zkr.'Ci 


Di + 


Dr 

ZD* 


To reduce te, increase C A and ! or decrease Di. 
To increase te, decrease C A and / or increase Di, 


Problem PI 1-1 Ir 

Irreversible, gas-phase, adiabciiic. no pressure drop, packed bcd- 
Part (a) Isothermal 

Mol balance: mof/gcat s 

ciVV 

where P A o = Cto-V* = lOe-3 x l(te4 = 10 mol/cir;' 
Rate law : - r*. * k' C*, But C* is unknown. 

Assume reaction rate is mass transfer limited. 

W A = kc.(C A * Cav) = k'.C^ 


//- ^ ? 
















Stoichiometry : 


Pll-ll eont’d 

_ kc.C* 

C* =-— 

kc + k' 

ii.kc.q cm 1 mat 

_n ' " kc + k’ S-gcat cm” 

where k’ = 0-01 cmVs.gcat at 300 K (constant - isothermal) 


Sh - 100-Rc 1 * 



l0<?-2 


il loo fl2£2if 

1 t 0.02 J 


- 70.7cm / $ 


converting : 70-7 = 70.7 X 60 = 4242 cmVs.gcat 


0,01x4242*0 
4242 + 0.01 

gas-phase, constant pressure and temperature 



where e= yAo.8 = 0.5(l-l) -0 

Ca = C A0 ( l - X) and C aQ * 1 mol/dnv' = l0e-3 mol/cm' 
POLYMATH 


problem Pll-HB part a- 


Smu^t-ions = 

d[WKd(w) = 
k=<S.Ql 

ffl,D=LC 


a* 


ke=4241 
ca<? =0‘. o o r 

ciaesa*(l"Ki 

ran- / (,k+ 5 te] 

= 0 F w f * Le+UiS 


Initial j*alj±5 


0 


41 


//- A 9 











Pll-ll cont’d 


Problem Pll-llB part a 


Vairialile 

Initial valu« 

HJtxi.nnin Value 

MinLuon v^lua 

Final value 

If 

a 

lfl+0« 

0 

le*Q6 

X 

0 

0.63212 

0 

0.63212 

k 

0,01 

O.QL 

0.01 

o.ai 

fid 

la 

10 

10 

10 


*242 

4242 

4242 

4242 

c«o 

0.0-01 

0.003. 

0.001 

0.001 

CA 

Q-D01 

0.001 

O.QOaiGTBB 

o.0DQie7sa 

re 


—3.67B79e-0G 

~4.99999a-3£ 





n-jo 
















EUbUcoiitM 

P j r t [ h > Aii iabLiL ic. ope rati on 


Mol balance and rate us sn Purt^Li} 


with £" t T) = O.OI exp 


+om{ [ i 
1.937 V 300 7 


Sto ichi. 1.3nl^lrv : Ci = Catt, 


Ener^v balance . 


<±AL}H 

U + E..vi T 


where £ = 0 and To = 300 K 
and C*o = lOe-3 mol/cm' 


^ . Q-w s z X F„c„. (7- - r, )+ F,„X (- fr)) 

* =o 


X fVfl.QW.(T - no) = [10 x 25 (T - 300)3 + [ 10 x 75 (T - 750)1 
= 1000 (T- 300) 

- 1000 IT- 300) + I0.X.( 10000) = 0 
POLYMATH 


Problem P11-11B part b 

d<*] /dfM) 
k=»P. 01 
£m=io 

ke*ia*2 
.001 
Tfp=3CfO 

J vTq 

c^cao* * I-x? * (To/Tl 
E:«^-ik*kc^ci3 /Ck+kc> 

w o * °- w t ■ 1.1«*0S 


Initial value 

1 


Vajriatle 

lB.it i'll valut 

Mjjv 2 _pr.;.rn VftluO 

Hi filmurn. v-aLu.fi 

Final value 


M 

0 

1-Se*35 

0 

l.Je+06 


X 

0 

C .554S2S 

0 

0.55=4925 


k 

0.01 

O.Ol 

0.01 

0.01 


fao 

10 

10 

10 

10 


kc 

4242 

42*2 

4242 

42 4 Z 


CftO 

o.oai 

0.001 

0.DQ1 

0.001 


TSs 

106 

J00 

160 

300 


t 

loo 

365.4E3 

300 

155-431 


c a 


0 .001 

0.OOOl0J 3 31 

0.000201131 


ja 

-5.95393^-06 

-i.ai33e-06 

-9 t 99990^-06 




//-J! 














EJlll 


CODt’d 



For o conversion of X = 60 % „ W <3t = 3 020 kg 



li-3>K 











rn»n 


coni*d 



KEV: 

— ca 



Pari (c) 

It is possible to generalize that the addition of temperature variation in adiabatic 
operation does not affect the conversion, concentration profiles in form, but the 
numerical values are slight !y different. Because the reaction ts exothcnnje, isothermal 
operation enhances die conversion profile along the packed bed, so that for a given bed 
diameter less catalyst is required. It is clear that adiabatic operation inhibits conversion 
as heat is not removed from, the system so more catalyst is needed for the required 
conversion. The removal of the heal generated in the reaction allows a reduction of 85 
kg of catalyst in the bed More detailed economics will indicate whether isothermal 
operation is worth iL 


Problem FIl-lZc; 


Dissof tit ion of pills. 

Part (a) 

Complete dissolution 


//-.JM' 









eluu 


cont*d 








_ gh. 

f Wt "> g™* min 


Refute Ca to time ; 

~ -—« 

sconmcd. ^ to eJch °^ er - each contribute to C, in^e 

/,,// 1 D : = 5mm, D, =3 mm 

Time for outer layer to dissolve „ = 0-0354xfO.5 : ~Q,3 2 l ^ 

Pill 7. n , Sjr(S.d0e - 4 )j!. 0 ~ USmiJl 

D: - 4 mm, D< ^ 3 mm 

Time for outer Jayer to dissolve n - Q ' Q 35 4 -r( 0 . 4 : -Q. 3 -> 

PiU 3 « rv -jc S.t(fi.tiOe-4>.d.O " 0 ° 2 

Fill 3- Ds-^mm.D, Onu, 

Time for outer layer to dissolve r, = °-0354.r[0.35 2 - Q. 3 ! ) 

_ S,r(6,rl0e - 4)_r!,G - °' 24 


min 


min 


Alt -t| mol balance on drug : 
where C = 


/■vTT n. s 

ii f > 

^ / k ( S; ri 


® ^ _ 2. Dm 5~.7t, o : 

eft ” ~ -- 




^ D.y 

where W =r mass of drug in stomach, ? 
and boundary conditions : t s* t| t C A = 0 V ~ voluir,e stomach fluid , C m' 

‘" : ' Ca= C ~" W « Ar - 0-5/1200 = 4.I7xI0e-4 gW 


*-£ 


tl-jy 


X 















Fl l-llc fint’d 

D, 



D:-4mni 
Di = 3 ntm 


Outer layer: 



Mol balance on outer laver: 0-0 + r* '.it.D 1 - —-4 

dt 

and r* rate of dissolution of outer layer = rate of mass transfer from pill surface W rt 


W A = kc-Sam st - r A " 


Sh = 2. = 

D 


Assume density of outer layer = inner layer - ^OOxlOe ^ 6 _ Q 0354fcj / cm 3 

ir.(0.3) 


S,,,,, = 1,0 kg/cm J 


Boundary conditions: 


dD _ 2 .(-/~ a ' ) __ IxJxDm.S^ 
di p £>p 

t = 0. D-D 2 
t = t, , D = D| 


Di 2 -Dr 


-> 


2 x2.Dab.Sw 

-.fi 

P 


where t, 5 = time for outer layer 10 dissolve 

_ 0.0354x(0-4 2 -0J ! ) 


//- £■& 












Inner core ; 

Boundary condiLions ; 


Fll *12 cont*d 


t 0 . D = Dj 
t r tj, D = 0 

Dr 




where h = Lime for inner core to dissolve 

0.0354^0.3" 


/: = - 


= 1.66 min 


Sx(6*[0*~4)jc 0.4 
time for complete dissolution i t T = t s + t : = 0.52 + 1,66 = 2.13 min 

Part (b) 


blood scream 


-adsorption 


C fl conC- in blood 


stomach 


Ca cone, in stomach 




dissolution 

stomach wail 

Let rate of adsorption inio bloodstream 

I"A ” k^ArC^ 

Relate concentration in stomach C A T to concentration in blood C B : 
Mol balance on drug in bloodstream: 


dC* 

—fA —- 

dt 


dCs 

dt 


■ — fa.G 










YUAZ 






Part (c) 

The trraph of C n against lime shows how the drug concentration in the bfoods^am 
inhtaTly varies with time and then becomes independent of time as all the drug nut. J 
Hr—b has .b s otod into to btol tona.mp.to of to 
bloodstream has not been modelled, unrealistic but no dam). If a certain * _ t0 
specified, and assuming a constant size of inner core (drug) and that the pi 
be taken similtaneously, then the way to achieve this would be to use pills o ^ 
outer layer thicknesses 'to maintain an even stomach concentration an 
absorption rate over the whole period. 



{(-37 
















Rsfcte D with ^ . dD 


I dt 

b ' oan d«y conditions: 


filliLZcont’d 

_ Zk^Su, = ^ 4. 0**^ 

P D.p 

1 ~ 's .D = D, 

C = t2,D = 0 


LJsuig i 0 ^ c |q i 

SR { z ~ - 


Saystion^ P11-12C 

d(Cal>/d| CJ=liff j , 

Sia=400 

^0*35.4 

V=12tfO 

^^*^=^5000 


0-J 

0 

0 

0 

o,a 

c 

o,3 


* G r 

t 

01 

Cb 

Cal 

Ci2 

D2 

Cbj 

DJ 

&ab 

Sin 

thei 

Tut 

V 

Tybody 

Ca 


45 

Initial wt^* 
0 

flJ 


aa^t-jaias ValtJ . 

»5 .-i —- 


a ,3 


0-3 

0. 00&G 

4-30 

35.4 

□rlffSSG? 

1200 

7S003 


45 
0,5 

3.00l54e-05 

CI-0OO41737G 

0.0004 m 7 3 

0-3 

a -003417354 
0-3 

0,0006 

4Dp 

35,4 

0. J.566S7 
1-3 00 
75000 

a - 00095116 


5.&355*^06 
0 
0 
D 

*-5*774*hjs 

0 


9.59a^i c 
o-Oac-5 
4 a a 
35.4 

0-165557 

1200 

75000 

0 


-05 


Final i^l,,^ 
45 

2 . 001^-05 

<3.0004173 76 

0.300417373 

»-997Tt«-DG 

*.<K)&4173«4 

3-9*541 fl -05 

O.OOOG 

40g 

35.4 

□-l6GgG7 

1200 

7S000 

1.0&044 e _a-g 


//-3X 







Fll-l2 cont*d 


Relate D with time : . 


dD 

dr 


and boundary conditions: 


2 . kc. Si* 4 P DaB, Su* 

p a p 

ist^DaD, 

t = t, a D = 0 


Using logic la obtain the correct timing for the drug concentration profiles inside the 
stomach for each pi] I, the total profile is used in the relation with the concentration 
profile in the bloodstream. 


P1X-12C 

Saaflt J-- 0 "* 3 tajEiil v«lue 

denis MEtHif (tMj.at) .aaooij ui*a[-*+ci*ta'SinV t a .3 

Dl»rba) >el= c (O)]*l*e(0> 

dfCb1/d{c)=kA-Ca*Vfllbady 0 

dlCal MdiC] ttif [oO _u) then (2 * Dab* Sin*3.14*D1/V) ele^O) □ 

d {C &2 i /d f e ] = iff 1£>0. S 2} tien (2 *Pu,b- sin.'3 *. 14 *D2 /V) el a* f 0) 0 

sH Q2 * /d i,t) *i£ [z.>Q .521 them! IE [D2>0.00001> ttwn<-4*Dab'£in/ { □ .3 

D2*tba] Ul5 4 [OS )els*(a] 

etCaS > /d( t) aii f t>l-19) then [ J Tab * Si* * 3.14*D3/V) else (0 * □ 


d [ D3) /d <t ] =iff i t>l, IS h chea (if [03 >0.QOO 011 then {-4 *Ha±h*S lu/ \ 0, J 
EJ^riw] jeiaeto) se^flten 
Ottfr*-0.0OD 6 
£±fi=400 
.4 

fca=«:Q- LG£$$7 
wtn>ly=7saao 

Ce *Cal-nCa2 +CaS - (Cb*lft»dy/v | 

L o - “■ s f - « 


Variubl s 

Iniei&L value 

Mijclcnun value 

Mifii ftruffl value 

piftjl value 

t 

0 

45 

0 

45 

□1 

0-3 

0,3 

9.S9G5*-06 

9 . ?9 6 5*3-00 

Cb 

0 

Z.00LG4o-a5 

0 

2.0gIG4*-O5 

Cil 

0 

a. □00417 376 

0 

0.GO0417374 

CiC2 

0 

0-000417373 

0 

0.000417373 

D2 

0.3 

0.3 

9.^774e-0G 

9 -99774e-06 

Ci3 

0 

0.000417364 

0 

0.0D04L73M 

D3 

0,3 

a, 3 

9.99fl41e-06 

3,99B41e-06 

t*n±3 

0 r GGGb 

0.00QS 

n. OOP la 

o.oaot 

Sin 

4GQ 

400 

4 DO 

400 

rbsj 

35.4 

35.4 

35.4 

35.4 

fci 

Q_lGti£67 

0.166067 

0 , 106667 

0.166667 

V 

120 0 

1200 

1200 

12GG 

Wbody 

7soaa 

75000 

7 50 □ □ 

75000 

CB 

□ 

o.ooamia 

0 

1.D9044e-Q6 
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Pi 


Part {d) 


To maintain constant drug level by maintaining a constant stomach concentration, 
time needs to be allowed for the dissolution of the outer layer, for a given period of 
say 3 hours, a size distribution of outer layers is needed, with thin layers for initial 
response and thicker layers for delayed response. This distribution would be back 
calculated given the necessary' stomach concentration for the required bloodstream 
concentration accounting for bloodstream drug consumption. Optimization of the 
stomach concentration will indicate the times at which complete dissolution of the 
outer layer of the 'next 1 pill is required to maintain this level. The range of pill sizes 
depends on the number of pills which can be reasonably consumed in one sitting, Lhe 
period for effect and the limits of practical pill size. 


Problem PI 1-13* 


Part (&) 


A possible reason is a reduction in che conversion of hydrazine in the packed bed- 



The two routes of investigation are : 

E} Possible sabotage of the bydrazme / helium 
2) Possible sabotage of the packed bed 

Three logical questions may be : 

1) What was the size of the packing particles used ? (affects kc and aj 

2) What was the bed porosity ? (affects kc) 

3) What was the composition of che fuel mixture 7 ( affects D*&) 

Part (b) 

Thoene.s and Kramer’s correlation SIT = {Re') 1 ^ (Sc) i0 


ii-4 v 





FH-I W ant'd 


Dm (1-0) 
he - — -— .y. 


p*u.dp 

i n 

n 



prDAB 


D^ 3 


p.u.dp 

Ml 

B 

kC - d P 

■ * r ■ 

L M J 


-P. 


’but y - 


2.r.jr.4p + 2./r.r* 

ft, dp 1 


kc = 2 m 



(l-^r^ + r 1 ! 1 

<U tfl 

n 

* 

_1 

% 


mr -IM 


kc=2 i ^l fl-»y 

2 rf, 3 ' 1 ■ 0 


I>ab 00 = Dab (298 K) 


t r -lJJo 

m LB 

L 29S J 


,ia 


i/j 


6.(I-0) 

* <U 

A reduc;ion in the conversion X would mean that not all the fuel mixture decomposed 
and hence there would not be the required amount of energy or thrust released, 
causing the crash. 


X 


l - exp 


kc.Gc.L 

It 


Lind 


f- n uz D ^' n (l~dO- 1J: r , ,-,1. 

« - 6 -' 21 


L 
1,1 - 


//-VI 































P n-13 contM 


If term l decreases then X also decreases. 

Possible reasons for the reduction in X could be i 

* Increase in volume-average particle diameter, reduction in cylindrical radius and/or 
length of particle. 

d p panLcuEarly has □ large influence on X : —« —— 

u d> 

* Increase in porosity of bed, 0 (due e 0 change in packing shape), small effect on X, 

- Change in fuel properties: decrease in p 

increase in p 


small impact on X 


kcMc. L 
u 



* Change in fuel composition : 

probably insignificant effect on fluid properties 
increase in % hydrazine - difiusivity, possibly decreased 
. decrease in % hydrazine - less energy release 

* Decrease in gas velocity„ u (pump malfunction, wrong storage pressure) 
kcMi, L 1 

^ ■ “= ^177 if u > 1 m/s then X increases but if u < 1 then X decreases. 

* Reduction in bed length, L ^ C " Qr ~ ^ ** £ 

u 

an unlikely cause unless no packing is used. 

- Wrong catalyst used in bed. 

* Catalyst had become poisoned./deaeuvated - slower surface reaction may become 
limiting. 

* FsothermnE operation not achieved ■ failure of cooling system. may have caused 0 
structural fault. 

* Non-uniform physical properties of the packing inside the bed - plugging, 
channelling etc. will create hot/cold spots and uneven distribution of thrust. 


//- 










Problem 


The plot of the data is shown below. 


Particle Diameter vs Time 

10 
9 

s 

i- 

• 7 

v 

% 6 

5 5 

I 4 

t: 3 

4 » 

1 

0 

2030405060 70 9090 100 110 

Time 


Initially the rate of incineration of the droplet in terms of diameter, is nonTinear„ but 
apparently becomes linear after - 50 time units. The linear form of the data indicates 
that the diameter is directly proportional to time and the rate of decrease in diameter is 
constant and hence not a function of diameter. This relationship should make it easier 
to estimate the required incineration time for complete destruction (zero diameter). 

Assuming that rate of diameter decrease continues at the linear rate until complete 
destruction (at time tj and hence complete decomposition of the POHC’s, the 
equation for the linear relation indicates tn - 160 units. 









Emble m M-I5 n 


Mol balance on layer of earth control volume: 


dt 

At-. I'Ktf; ■ — Ac. HM. ti(~A 

Ac.AZ d( 

r_ _j Q tflVn _ dC-A 

dz di 


but F a = A^W,* 


For dilute solution and constant total 

Gives: 


dC* 


dz 1 

di 

Let 


gives 


Boundary conditions: 

t = t (present day) 


Concentration : w+ = -£> rUr gCH 

dz 


Di a = 

dz " dr 

z = 0 (surface), = 0 


z = “. 

t = 0 (end of glacial), z > 0, 


Gives the error function : ^ - erf 


i/4. Dae t 


v = i 

V = I 
let 


t\ = 


-JdTD abJ 


ft is definedC* - 0.01 C„ end for,,> 1.82 , C„ft negliably snrf. 


This defines the penetration thickness, 5 (as a function of time) : 1.52 = 6 

------- AZW.r 


Concemmtion Profile 





















FI l-15 crtntM 

But the graph gives at. 0.01 Cxo z = 0.4 hence S = IS - 0,4 m , the 

penetration ihickness after time L 

Fht rime taken for 5 to reach chis thickness, is the lime since the diffusion started (i.e. 
m the end of the last glacial) 

tJn*'?- 3 i 

“ L 1-82 ) 2jr2,64.r! Of - 10'3600.r24.r365 - J 6ye ° n 


II-4* 






EU=X No solution will be given 




a) The rale of reaction (inol/dm^s) would decrease since .rs-ns/r"! 11 • 

S^S^S S SSS2SS5;«“ i!, < T h SS” %■ ** 

[he weight win be smaller. Another emblem is rh/iw^H W/d * ~ m a PFR 

activation energies which could VC[)1 d "" °" ““P 1 '™ “> 

0 tf the gas velocity want to incase the catalyst weight required would in™,,,. 

W = —in —L_ 

Qks a i-x 

Lhe length would then increase by die same factor: 




W 

*cPt 


in example n-ets'only^m^in^vohjme^Thf^h ^ ^ whcreas The factor 
charge £-*■**«. * ^ 

e) No solution wijj be given. 

f) 


r - ~ r *f>,# i ks,p r c m }P 

-*? n ^ — 


Ac* 


Ac* 


_ (4,42 * 10~ l ° )(53Q)(3 * 1Q~ 3 )(0.QQQ4) 

(1 89 “ 10 "t)(002) “ 


/*-/ 









Pi 2-2 corn’d 


C, T > 1 so it is internal diffusion limited 

kp &Rn _ (4.42 * 10 .6 * 10* )(530)(3 * 1 Q ~ 5 )(.00Q4) 

KC^ ~ (6 * KT 5 )(0.02) 

- .33 

0,33 > 0.15 so ii is also external diffusion limited- 

-A//(fcs < c m y.ad 

«"«, !" 

(104.67)(4.42 * 10~ lC, )(530)(Q.004){l.4 * 10 fr )(3 * 10‘ ? )(83.76) 

(105.5X165 ]-'73} ! (.008314) ~ 

- 4.37 * 10’ J 

4.37* 10' 1 < 0.15 so the bulk temperature is the same as the temperature of the 
surface of the pellet. 

g) With the increase in temperature, the rate of reaction will increase, this will cause 
the slope of C/R, vs l/m h and therefore the resistance, to decrease. 

h) No solution will be given 

i) No solution will be given 

j) No solution will be given. 

k) If the diameter of the catalyst pellel were decreased, the value of the Thiele 
modulus would decrease, but p would not. 


fa) Yes, 

(b) All T, F to - 10 g mo3es/hr. the rate of reaction changes with flow race and increases 
Linearly with temperature. 

(c) Yes, 

{d) T < 367 K: Ffo = 1000 g mole/hr. 3000 gmote/hr 
T < 361 K; Fy^i = 100 g mole/hr. 

(e) Yes, 

M 

n 


/X ■ x 








P12-3 cont'd 


(f) T > 367 K: F To - LOGO g moJe/itr, 5000 giuol/hr 

T > 362 K: = ioo g mole/hr, 

(g) 12 = acnia] raw »f ruc tion _ -i'a f a[L 362 K, Fro = K) g moj/hr) 

'deal rate of reaction -r A (at 362 K. Frt> = 5000 g mol/hr) 

Q = = 0 37 

0.70 J ' 

(h) At F-n = 5000 g moiefltr, there is no external diffusion limitation, w the external 
effectiveness factor is one. 


"H 

n 


= _ anuai nne of reaction fa t 36ZK.F n, = 5000gmoE/hrt 
extrapoiat-d rate ot reaction (at 362 K. = 5000 g moi/hT) 

® fj = 0.S6 

1.4 ■** 


® t, , ; . [«■« . a 


M 


By iterative solution. 0 = 1.60 


_ Ca _ m sin h (d 2 .) 
'A.' sin h <j> 


-* 2 z 4 No solution will be given 
















El 


Curve A is reaction-rate limited- This is so because of the way (he curve bends 
implying an exponential function which is also the equation for k of a reaction with 
respect to temperature. 

Curve B is inter-diffusion limited. This is because it has a dependence on 
temperature, but not a real significant 

Curve C is outer-diffusion limited. This has a much larger dependence on 
temperature. 


PI 2-6 




Boundary 9 “ fr- = i} = I 
conditions: - (X - 0.) = finite 




R = 1 * ID' 3 cm 1 
Dc - 0-1 cm^/sec 


lx IQ ' 3 




At X = <p = 0.1 : 0.1 s 2 


tp = _L_ : sif1 h (6 x 0.7) 



=i (?, - 6.0 


0.7 L sin h 6 


Va — _ _x_ [ V- z -e^ 


1 x 10 ^ 0.7 L t* - e * 


C A - 2.36 x 10 J i^32t 























FT2-6 corrfc'd 


(bj T\ - -i[f! cosfi - if = 0,30 ^ _ 2.04 

4>T 

*, Z = kR2S APB 
D e 

Ac X = 1 „ ffl - 0.1 ■ to = 6 (see part (a)) 


1.2-7 


a) Start with a mole balance: 

W4_lJMl. -JS +r AJ 4aE-*0 


Divide by AAz and take the limit as z —> 0- 



From the Qux equation: 



Combining die two equations we get: 

dz 


Dividing by -D c we get: 


<fc : 



We need boundary conditions 

B.C. (1). ^- = 0 @Z-L 

dz 

B-C. (2): C A =C^@z = 0 










P12-7 confd 


We can then solve for the concentration profile: 
* D, 1 

Using boundary condition (\}: 

o=—+q 

A 

1 A 

dC A fe fcL 

A A A 

Integrating again; 

r fe kL ^ 




vA Ay 
* 2 


& 


C, = —— z - —z + C'j 


2 A 


D, 


From boundary condition i Ac = A 


c * 


1 A 


D 




(M r| = —rate of-teacrion with diffusion 
race of reacnon without diffusion 


(c) 


2D(C A -C Aa ) 

_ z!z-2L) 

k 

Boundary Condi dons: 

0 = *Fr(y- L ) + c ^ 


2D (C A - C^) 
k e(e- 2L) 

C A = 0 atz sj L 


D U 

k [2 
2D 


C A0 - tLt 


/*- 











FI 2-7 contM 


L ^ 


V^F-V 


2 ( 3.6 * to 2 ctn^/i) (4*36 x 10’ 5 mol/cm^) 

(2,3 x I0' 15 mo!ys)/(3 x 10 14 cm 2 )(Lent) 


L 1/2 =s 0.0640 
L = 0.0041 cm = 41 ^ m 

(d) The answer in part (c) is equal to the average tail lengths 

T[ = 1 b this problem. IfTJ = 1 , then it contradicts die assumption of diffusion 
being raie^imiung. 



a * 0 

e A - Cas 



e = 2L 
Ca = 


First-order irreversible reaction: 


A^B 


~ r A ^ 


dC. 






IX- 1 











PI3-3 cont’d 


fcos h 


cos h <i> 


Lonccfi^ranojn discribuiiofi: Ca = Cas 
L = 10 t3 cm, X - ZxiQ^cm 
Cas = 10 3 g tnalcfL 
D = 0 .1 onVsec 

/ co * h H 1 -H 


[♦<‘-d 


1 


Ai z = L, C A - X Cas = Cas 


10 

X = _l_ 

^ cos h * 

0 = 2.9932 


(a) At z = 1/2 L: C A = 


cosh 4> 


/cos h[d>{l 


cos h <6 


^ _, ft „ rtl ,/cwh [2.9932(0.51! 

c * - (0 - 001 H oosepwir 

C A = 2.345 x 10^$mol/t 
(b) 9 = 2L = q afZL} 


„ _taflho oM :an h { 2 . 9932 ) 

Tlow = - = ——v——— L = 0.3324 

«„ld 2 - 99 -' 2 


*!«- = 0.3 - Qflh °^ =* 0nfW - 0,8880 

Oncw 


-L-rww — 

(c) At £ = L. Ca 


2Loid|^j = U* 10‘ J )(2*™.J - 5.993 x 10 J 


cm 


Cas 


£LQQL 


cos h Oftcw cos ^ (0.88S0) 


= 7,038 x 10 J g mol/! 


Thus minimum C A is now 70-38% of Ca^. Therefore the suggestion ij placing encirt 
surface of the inside of the pore. 


/* - % 















P12-9 


Cap 

C*s f 

2L 

T 

Define W A > 0 in direcaon of increasing z. 

Material balance: 

w a A ? L - W A Ap ^ ^ +- -r A a A P A t - 0 
-r A - kC A ; W A % _o c ^^-hCa V ~ for small C A 

Taking Az —*0: -Ap^^+rXaAp - 0 




^^( Dt ^)- kC ^ aA P = 0 

Forconstant D«; D e ^% - k C A a - 0 
dz* 


Boundary conditions: z “ L C A = 
z = 0 

Ht 

d"C 


z _ ^ “^T ~ 0 by synuncay 


= 0 where n 2 ^ ^ 
Assume c* = C rt ( then r 2 - a 2 = 0 

Ca = At e ■“ + A 2 e“* 

At z -s L: C.as = A) e ' aJ - + Aj e 111 - 


<1C* 

dz 


I-* = 0 = -ct Aj +a A 2 = 0 


Aj = A; 


From above: A> =_ S*5 

C -Cd- + c aL 

Ca = 

l« -«L + eOLj 


r = ±a 


/X- 9 









P I2-9 corn’d 


Therefor?, concentration profile can be written as: 

C A = Cas I H sh f gz » l 
^IcoshloL.)! 

WaAp - 

W a A? = -ApD,; ct Cas tan h |<xL) 

By the sign convention: ’W A Ap = t\ r^aApL = -n IcCas a A P L 

-- tj t Cas a A? L - Ap D e a C*s tan h (oL) 

n - (=$)»■ *(«l)-V^ 


" ’ (VSl) h " i,| ° l >(V^ l ) 


Overall effectiveness factor: -W A Ap = flk Cao a ApL = T| k C*s a A P L 


on & = £ii 
"H Cao 


-W A Ap = Ap (Cao ■ C as) = a A? D t Cas ™ h (ctLi 


C A o - Cas 


1 + ^ P - tzn h faLV 

kc i 


i- AS = 

Cao 


J 


1 + tan h (oL) 
kc 


o - *> . 1 

[V£d 

[tan b j, 

i/SFM 

l+^tanh{ciL) l+ v ' k * D 'tanh 

kc V fcc 

(V? L ) 


/*- /° 
















pmo 


Sian with the mole balance; 

w ^M.,-^aA.^+^AAz = 0 


Divide by (-AAz) and take the limit as a?, approaches 



-r,=0 


Then find the equation for the flux: 




Combine and get the correct differential equation: 


!(.„&) +t=0 

eTC, 

dv 


i- 


The boundary conditions are as follows; 
B.C_ 1; dC/dz = 0 @ z = 0 
B-C LC^C^z^L 
We are then able to solve the equation; 

dz D, T 


0 = C t 


C A = 


kr_ 

2D C 

id} 


+ a 


c ^T5-r c - 


zero. 


/A - 7/ 





pn-ijftcoiu’tt 


Q - Cju + 


te 1 k£_ 

2D r ~ 2D r 


C “ 2 l UV 2 


1 ^ z 1 


2 U' 


2 *J 


b)<U 0 = 1.414 




{7 1 > 

z = 0 
*=4 


Q = l+8-=r-8 

-4 

e=0.935 £. 


c) 


iL = 1 + *l 

Cjc 2 


41 -l 



for UV < 2 
















pi2~10 cont f d 

for «!>/ = 2 




i 

i 

i 

03s | 

■*■ j 

-1 

+ 

■ 

* '! 

+ 

* 

* 

1 * * 



for ^>2 


where z t 



i 

: 

! . 


tl + 


7 =^— y~t 

when <ly Q 2 then z t = 0, Then t\ - I. 


When <t> 0 2 > 2 then r, - i Jl - ^ 

T 

Then die integral]on goes like this: 
























m-lO cont’d 


- r x A c L + r A A c L 


1- 


2 V 


'? = ■ 






=1-1- 


*<> y 


a) 



e) Start with the mob balance: 

% A * A r ~ ~ '* 4 » 1 = 0 


Then divide by -4?cAr and take ihe limit as Ar approaches zero. 


MjZl 

dr 

Hi, - -A 


v- -o 




/a - Ji 















£12 = l£teont , d 


Then find the equation for the flux: 



dr ID, 


* & 



where - 


kR' 
D.C , 


<&„ = 1.414 


<*Y = 2 


0 = 14* — 


-1 


* - 2 


This is not possible so C A is going to finite non-zero everywhere. 



/&-& 
















PlMO coni’d 


Hence = 0 at r = 


For $>l < 6 


J -r A Ac& 

jj — ii___ where z L = 0 

~~ r A5 


For ft* > 6 




-r { A^ : R +r A A c R 


1- 





l 






















0 Fra cylinder 


^( r £2\,± 

r dr\ dr ) D r 


dCj 

dr L dr 
dC.i kr 
dr 20 f 


j'S) 


kr 2 

2D. 


2D, 


C ~C - 

'“-CJT — 


» 0 
kR 1 


C* 


= 1 + ^ 


AD t 

kR 1 




-.■HJi' 




= 1 + 35 . 


ej- 


where = 


Ut*_ 

t>.C M 


<X> - L414 


0 =: 1 + — 


i 1 


r 

~Rj 




= ~l 


<J>/ = 2 


This is not possible so C A will never be ?ero. 


/A 















PUJftcont’d 


4>=4 



0 = 1 + 


16 





for < 4 


* 

j-^A^dz 

rj = it- where z, = 0 

7=1 

For r -lv > 4 


tf 




/X-it 















EI2-11 Giv “ ; second-order decompose reaction: A —> B + 2C 

It - 50^/g sec mol; d P = 0.4 on; LT = 3 m/s: T = 250“C - 523”K; 

P S = 4,936aim; X = 0-80, D e = 2.66 * 1<Hmfc ; Eb » 0.4 

Pb ^ 2x 10 6 g/m^; Sa - 40Qm 2 /g. 


C A0 = = -- A216 atm 

KJ / 0.082 -JLana_l ° v 

\ -moJ°K R 


0,1151™* 
1 


Rate law: -r A = k C£ 

Moie balance: equation (11-65) from the kxl 

D ' s 25 i - u f t ^P»=o 

D '"2?'- u §- ai; s*(>«ci-o 

Neglecting axial diffusion with respect so forced axial 


convection, we have: 




A, ” k 

tapaksT^toT 0 


t P 0 k S A Cao 

Inieinal effective factor: i] 

= r ^A£~ 


f^7T) I/2 ^ wherer = 2 

«n 


AWf 
















ElZJlconfd 


fa = 0.2xl0^m 



50—(400^)(2 x 10* “)(o. 115 f^l 1 

gsmofjl £ M min t M m J J 


_ 

2.66 x 10 -®^ 


" 2.63 x 10 T very large 

11 3 - ' 1 - 7 " 5-313x 10 -® 

+ 1 ' 2.63 x 10^ 

Internal-diffusion,linrincd: Q = r[ = 9313 x \Q 4 

Reactor length: 


L = 


(9,313 x !0-«)2 x 10* —(sQ ■)(400^)fm^^-) 

m3 \ gsmoip C >\ mi } 

L = 2.80 x 10’ 5 m 


F12-12 


a) Start with the mole balance taken on a shell 
W^2^fj : - W M 2nr\ :t ^ + falnrlAr = 0 

Divide by -2 jtIAt and cake the limit as Ar approaches zero 10 get: 

d(Ks) 


dr 


-- ^p,r = (i 


Next find the equation for equimolar counterdiffusion and plug it into the above 
equation; 


d\ r. 




dr 


vv=o 


/X-W 














corn’d 

Next differentiate to get the following differential 
££l+1*Ll KPcS'C< _ 

dr 1 r dr D t = 

We can then set the following: 

C 


X=L 

R 


<f ~c AS 

+ t'PcS'R 1 

i ji =T" U 


dl 1 - A dX 
n 


D. 


~ a +i S-*s^-« 

Solution: 

p = c,/ ( (■**)+c* 0 (<ia) 

Boundary Conditions: 

P = t@>t - 1 

$=o@*=o 

flA 

/,(o)-0 

din 

—>0=>C 2 -0 
fr-C,/ 0 f*X) 






equation: 


,. Kp c s a R* 

* h ^ ~“ 


/X-*l 










pu-ia 


As can be seen by this graph, all of the lines do not coalesce into one line* but are 
in fact, three different lines 



Pl2-14 No solution will be given 


Fl2-t5 No solution will be given 


P12-16 No solution will be given 


P12-17 


Given: 



A b on the wails of a cylindrical catalyst pore. 


Z[ - length of poisoned section 
" r A = 


/A-A A 






















£l2ii7cont’d 

(a) In the poisoned secdon: 

w A rcr I, - W A nr 1^^ + r A P Az - 0 
Fur G < z < it . r A = 0 , since this area is poisoned 
W A *=l,.„-0 or ^i-0 

W A = -CDa 3 ^-’ , -X a (W a + W b ) 


Bui W A =■ -W]j t since, for each mole of A consumed, ore mole of A is reacted 




dx dz 

At 2 = 0 1 Ca - Xas C = C*s 
At X 5= 2l * Ca = X.AI s Cai 
Integra on |p ^ai “ K^z-^K-z 

At i = 0 , 

V V - - ti Zi l fci = 

atz-^i.XA = X A i - -q “ tir i c Czi 

v _ Ca _ Cai - ^a$, z f Cas. 

Czi C 

C A “ tQu - C As) (^) + C A5 

The flux is W A - -C Das = “Dab - CasJ 

tan h 0] . . - I 21c J V 

(b) Before poisoning, T| - -— wncreT] a J L = L 


i/i 


After poisoning, the differential equation and boundary conditions are the same for the 
tmpoisnnuig region of the pore, z* < z < L if 2 is replaced by L - z; and if we let 
C A = C A i at z r - 0 and = 0 at z = L - z s . then, for the unpoisoned section of the 
catalyst pore tj apphes if 0 is replaced by : 


|L -1*'fli” 


tan h 


[M 1 l)! 


M 1_ l) 


iX '* 3 











P 12 - 17 c ont*d 


The effectiveness factor far the uttpoisoned section of catalyst pore is defined ns ; 
W x = n n r (L-i)C X L 

This can be related to the overall effectiveness factor for the entire pore by 
W A * n'rtrLCAs = TiicrLC X[ 

n' Cas - T 1 Cai (l - 

But W A = - ^ (Cai - Cas) f™ pan (a) 
w _aJi 


C M = Cas ' 


Dab 


But W A IC T 2 - Ti’Zirr L Cas JC 


T] ~ 


i 


c-a 

cajflh | 

M>-0ll 


♦>p-a 1 

i +*in 


HlJ 1 +^n/l 



n' = 


tanh | 


■e 

1 


Jtanhj 

\H 

>-ai 


F1MS 


The reaction is A —* 


(a) S “ j- i = - e = vao5 = -0.5 
Ca - ~ ’where C A o = = 


(1 - 0 . 5 X) 


__ 8.2 ami _ _ qj f ^ 

RT 0.082.1 atm iw + tjt jfi 1 

?mol a K 1 ' 





















El2zi£conrd 


yA 


- F, 


t , p “ -- ~ -- - 

A AJ Fa + ^-{Fad ■ FO f a + Eao 


-J- - i_ + 1 Faq 
* A 2 2 F a 

5i° = 2 /-L 1) 

Fa 'Va 2 / 


or =± _ \ __ Ya 

'’ACS JL _ 1 2 - Vi 

1 JA 


x = i-|a- = i--J^ = 

F ao 2 - y A 2 - y A 

r ' = F Aft X 

A w where W = 4x4Qg = i6Qg = 0 .idfcg 
r A = kC« 

in(-r^ = Inko + ab C A 

LctM ^ in (-rj; As- = l n ^ ; A, = a; and N = In C A 
M = ^ + A, N 

n 

S Mr = nAo + A, £ ff t ^ 

f3) 


L 

1 

2 

3 

4 

5 

6 


_ Frn 
1 
2 
4 
6 


1ST- - 

T1 

AoZ Nj 

i 

31 

+ Ai Y, Nj 2 
; 


X 

c. 

0.21 

0.88 

4.285 x 10 - 1 

0.33 

0.80 

6.666 x 10 ■- 

0.40 

0.75 

8 x 10 ’ 2 

0.57 

0,60 

1-143 x 10 4 

0.70 

0.46 

1.403 x 10 -t 

0,81 

0.32 

1,619 x lo ri 


Canons (2) and (3) tecora; 
n.!96 = 6Ao- 14.33SA, 

-39.266 - -14.338 A$ -35,513 A, 


-■3 1.705 -3.150 9.9 

10 2.303 -2.708 7.3: 

IS-75 2.931 *2.526 6.31 

22.5 3.U4 -2.169 4.7( 

31.625 3.454 -1.964 3,g< 

n 40 5-689 -l.g 2l 

Z “ i7 -I*S -14.338' 35,51 


MN T 

-5-371 
-6.236 
-7,404 
-6.754 
-6.784 
-6.7] 7 
-39.766 


/2.-Z5' 

















ELMScont'd 


Ao =* 6.36 = Lnlco ko = 573,23 


Ai *= 1,46 = 1.5 = a 


At j, 


’ r A “ whcrc x = *;™£P - °' 94$ o 

’■ r A = —|fg 90> = 53.33 = k t C; J where: 

c 0 ^(1-0.9490) ^ 

1 - 0^0.9490) i 

]c x - - 53 . &L- - 2,035 x io 4 
tOOl9) 1 ' J 

k| - ^ e * p {f fe-=n )J 


IRlTo TiH 

= 578.25 exp Ml 

i 3,314 '500 510*1 


2-035 x IQ 4 
E - 7,55 x 10 s 

g moi 

(b> 1 I = 2 ; second order 

E™ = 2E™ = 15-1 xlO 5 -^ 

TDOl 

(c) 62 = p J ^ ^ pb ^A 0 ~ = ^ / U* 10 (2.035 x IQ 4 ) 49(2.3 x IQ 6 } 0.196 

- D * ""V 0.23 x 10 J 


<h = 1.40 x 10* 

n 


f_2_J 1 ' 2 

m - 

1 2 \ >fl , 

f ^ ' 

In + li 

0 

U+ll 1 

11.40 x EO 6 j 


= 1,75 x 10 ■* 


(d) To make the eaialysr more effective, we should use smaller diameter. 

















(*) C A - 0*01 ^~-;T = 527c = 800K 


k = kocxpj£jX.l|j _ 57S.23 exp J 7 ^ 5 * _L|[ 

,RlT ° TJ I ' 8.314 b0O 800 If 

k = 2.19 x 1032 

-r A - kC A J = 2.19 x 10 3 ^ (0.01 J 1 - 5 - 2.19 x 1 p*9 S tDole 

“*02 (a) 

r L kb a b kT| m 



Slope A = 7.5 - 4,2 
0.01 


= 330 a -t- 
kHA 


Slope B = 



o.oi 


- 50 = 



Th ™ r<r ' Caral J™ ^ A has ^aifer effectiveness 
te's are equal. 


factor than catalyse size B b since The 


/X-X 7 











pr^l9 copi*d 

(b) Prom the figure above, r CT depends on particle sisc T which means surface reaction rate 
does out control. Diffusion is the major resistance for particle size A- 


X _ Lrin£ - o 02 ^ 
™ 50 g £ 


intercept A = r^ = 0.9 min. 

% gas absorption = ^3. x 100% ^ 12% 


% internal diffusion = 7 . 5^ -0 . 9 x 100%- H8% 

Since internal diffusion is the controlling step, if a more efficient sparger were used, a 
significant increase in reaction would be obtained. 


(C) 



x LGG% - 50% 


From the graph above, intercept r h ■= 1 min. 



1 min - ^0 -L -h l min 


-L = 0-02 or in - oO 

m g dm 3 


The minimum catalyst charge is 50 J 

dm 3 


EiScm 



k b a b r\k 


species i representing H 2 



iX-tf 










EJX2Qcont’d 

Run Rj Cf 

fafflj) (gmol/dm 3 J 


1 3 Q.007 

2 JS 0.042 

3 3 0,007 


R 

(gmoi/ 
dtn 1 min) 

mt 

C^dm J } 

I/me 

(dmtyg) 

0-014 

3.0 

0.333 

0.014 

0.5 

2.000 

0.007 

1.5 

0.667 


Cs/R 

(min.) 


0,5 

3.0 

1.0 



1/flic 


(jjmJ 


12 

50 

50 


™n l, 2, and 3 Si vs X p ] ot has i ntcrcq)t = Q 
( a ) TJicnelone: 


^SS^SSSSSSeT *'* ra3Crion rate « 

0iSre4Sn rate fia4nCSp:irasSr ' viil nochd P 
Increasing sii/ring rate would no[ hdp _ 


fb) ^ 15 ** case of reaction rate limited, r-X 


^ *1 - 1 


slope - I «■ t z o,667 ■—& rd__ 

min gmcaL 

(c> For nrn 4 slope = 6 = 3 j_ 

* . ^ 3c T nk 

71 ~ a = £ = 0.333 

Y y 


3c ’ 


d Jpf (0.075on|[2x lOg/crzi’) ^ 57- * . p - 2g/an> 


















Pl2-2Q.e ont'd 

6 I? 0 ™ 1 . = _1 


dm 3 0.4 kc (0.333) (0.667) 

-L_+4- 

0.4 1^ ' 

“■ = (jrrUo - ‘-“ft 


r- " —1—. - — 1 

_ | ^ gm min 

(l.666-^P-)fo4 dm 2 ) 

1 eihiv i grn i 

dm 3 

= (r^fJ-J + r* = (d^^]| 

fetfH 

- 3 min 



Resistance of external mass - transfer ±s -L r e = Xitoi x l 5 = G 75 min 

2 gen dm 3 

% external mass-transfer resistance - Q2Z x 100% = 25% 


£I 2 s 2 I _ Cr _ 

-r^ + —l^ + — 1 __ 

*b mien Cor ( 

Resistance due to the first term; 

" 0.3 s -T ~ 3 ‘ 33 sec 
Resistance due ro ihe first ierm: 


= 


Ppd > ^oogR^J^ 40 ?’ 

cn* 5 


m - Hi kg/m 3 

- = [ 0 , 


mkcSte 


= 5000 sec 


Resistance due to the third term: 

C <*S = Co,^ 0 (1 - X} 

^maosturadon* 0115 U weil ‘ m3xed CSTR “d concentration on the surface equal* 


/X-Jd 

























El_2-2j.cont’d 
o = 2.5 k mol/m 3 


Assu ™ that tonaosiiy == lmSta dcomnicrion = 0.8 

Da = Dr - L l0 ' 5 )(0.8M0.4) . 

t p3| - 1 = 2.133 x I0 -i° 




Da 

4> - 45.93 VTTX 

*1=1 = JQi3£l 
q> 


I >c 10' 


- rn 



0,048 tetorf, * UOQ g- * 2J taoLg . XI 


2.133 x 10 '0 ad 

s 


1 


nrrric 


——- 1 


IS 

f 0.048 m* i 

n < k mo] !i i t 

l kg kmoi s / 

r ^ ) (I ’ X > 


-]_- \2%1 

^ C* £ ~ v'TTC wc 

LHX * 080 2867 “ 
Gathering all the resistance terms, at X - G,8G 

- - 

Transpon eo catalyst surface 
_ Internal diffusion it reaction 
Total ' ---- 


j.jj 

5000 

2867 

>‘870.33 


Perce Ht 


0.Q4 

63.53 

36.43 


100 % 


(b) Assume the system behaving as a batch reactor. 
_ C; 


f*=r A V 

di 


Rate law: 
Stoichiometry: 


= a = 


-U + —L_ + _L_ 
rale, a, mkn Ca 

C A = C A& (I-X} 

Na = C A V 









































F12-21 comM 

f( C * V > - Ta V where V is constant 

dC A __9_ 


kb ih ret- 3c Enkn C A 


d£ = ItW 

<H -I—* ' 1 .+_I_- 

kt,ab mkcic nddl Cao(1-X) 

fOm kmoi L p£\ 

dK * _^2.5 kmol lull _ 0-004 

to 5.33 + 5000 + -I2S2- 5003.33 + -J^EL. 

VTI^Tx) VfTTX) 


/1-JA 
















CDM2-A 

No solution will be given 

CDP12-B 

No solution wiU be given 

CDPi 2 -r 

No solution i*i!i be given 

CDP12-D 

No solution will be given 

CPP12-F 

No solution will be given 

CDPI2-F 

No solution will be given 

CDPlZ-f^ 

^ (c) is done first, 

(c) Ociy the gas phase resistances are determined hart 


“rr tot - p "“ ™~ * se 


m 


/X-J .> 






CPP12-G confd 


= 


£nt 

JL_ 

U ■ el P? + (l-e) pp ^ t 

Hk £ a; kc &c 


1 _ _ 

T"|jk C^fg,s 


We need to evaluaie pajamciers in the above equation. Trie first ierm: 


k.a; = 2 + 0 . 91 EV 5 E, - 

AL 

^ = 36 SSi y 0.0224 Jo2 x laSL y =2ZK = 0,5907 ^ 
s mol 2 aun 273 K 


Ac = ESI =. 5.(1 = 0.785 m z 

4 4 

U - B> - 0 5907 , 0.7526 m/j 

5 A* 0.785 m~ 


G| 


m^Lm J6 nSL X 
Ac s 


<2 ^ ESia „ 
2 mo) 


1 kg ' ; 

iOOOg < 0.785m : 


0.69 - 


m- s 



Erotn tiie zraph above: &Z - 65 aL 0.69 2.L. 

AL m m 1 * 

Ej = (65^-] (0.7526 “) = 4S.919*|i = i<jz5^ 
k s ai = 2 + 0.91 (lOZS) 2 ^ = 94,53 s- 1 


/X~3 4- 




















CDF12-Cy CQtifd 


Salubiliry: 

nr* atm 


H - 


! 


RTH ' 


] 


-HOlOi x 400 K x 0.004 -^nioL 
kmoIK t^aon 


- 7.62 


R _ 0 -e»)P{. 

* " H {fcgaij 


R s = 


(1-0.45) 1600^2. 

___ \ mil _ , kgs 

(7.62) (94.53 s’ 1 ) '“ m* 


The second term: R s = ^ £i 

kg 3j 


H = C L [l6.i 


ftj 74 

Qi ' 22 

k 

- i mi s 


Sc 1 ' 11 


ki a; 


Gi d 5 -?- (0' 4 0 cm) 

- _V. ? = l m 2 s 1 ’lOOcnr 


ML 


0-0031 


k^ 
m s 


= 6.45 


r. _ 4 Pl S [0.4 x 10 raf (700 kg / itff (9.8 m / rf) 

G *---7-fc-5—-- * 3i 

(0003 Af 




Sg=^ 


0.0031 


kg 

ILL 


PlDl (700kg /(7 x 10*m*) 


= 632.65 


ki a, = [7 y to-9 m^[ (t6.SK6.45) I ^(632.65) i 


fl 


(31980} 


0.22 


cm 2 = 4 L 8l x 10 3 s 


»L . . UB.K-S 1 

4.StxlO- 3 &4 m3 


Tht third Term: 


Re- I- 1 


fc*r it 


Pp 


1600^2-0.4 x 10- 2 m 
' m 3 / 


0.9375 ^ 

kg 


Sh - 0.266 R^ l,li S c s,l 3 = (0.266) (6.45) 1 - 15 (632.65P =* 19.5 


} 1 -J 3 























rnP12-G contM 

Sh = 0.266 R, l ‘ li S. w = (0.2661(6.45)' t5 (632.65^ - 

l9 _ 5 ^ = ShDL „ (1&.5)(7=< l0- 9 m^s) = 3M x l0 -j m 
dp Q.4 x 10' 2 m 


R« - 


J- = 3.13x10*^ 

smil 


(3.41 X 10m.)(o.93T5 ^ 


The fourth term; 


-1-= _L where k = 2.5 x 10 s 

TlkCsrt.* nk' kg 


Assume t = 1,5, a = 0-3 
Dc = D C ^ 

,_ R 9.7J, ; „.i = o. 

* Rp A' Dt V (7x lO-‘!(0-Sl(0-45) 

1 _ ___]_- - 1.3 x 10 5 ^ 

"Ok (0.307) |l.5 x 10 ' 5 ^-J m 


Bringing together the resistance temi£ 

Step 

(kg si 

Resistance ( m ; J 

Percent 

resistance 

Bulk gas - gas interface 

1-222 

0 

Interface - bulk-liquid 

1.3283 x 10 5 

53,1 

Bulk-liquid - caialyst surface 

3.13 x L0 4 

9.1 

Diffusion ■ reaction in pellet 

1.3 x 10 5 

37.3 

Total = Rt 

3,442 x 10 5 

100% 

(a) Calculate catalyst weight 



<>*^ r hr EX '^l w -H 

(E- 

12-3.7} 

1 1 

3 813 x lO' 7 - 03 ^- 


k ' >i ” HRt (7.62) { 3.442 x 10 J ) 

kg $ 



hk = 1813 * 10 '1 = 6 .455 x 10 * 7 kg' 1 


k v>8 

^0 


0.5907 


j%-2t 






















CDF12-G cant'd 


2 = —... ft __ 

Ac Po p {I - e,,) 

Substitution yields: 


-fo atm 

_,_ F01.1 m _ _ 4,257 x 10^ 

(G.7S5m 2 )(2ami)( 1600 kg / m 3 )(Q.6) kg 


< 1 -O-S) 1 » TT L j -[(-0.S)O.55J - 6.455x,0-’(w- 12I|J22 w2 ) 

The equation above yieidi no solution for W r 
(b) If P = iOQ aiit:, then - 

= 0.5907 *£ l^aiELj . 1.1814x10-2 ml 
9 'lOOamf 5 

, r 1.1814 x 1C 1 ml 
,= ~ 0.78 3,= ' 


= [65^i'(lJ050x 10"* m/sl = a 9782 . .Q; 0 ftlbr 

S ft* s. 


R s = 

to- 
^0 


[I -0,45)! 16001 

7.62 [2 +(0.91){20.50 P] 

3,813 x 10- T 


= 1310 StiJI V<rry Smafi ' d0CS not affcci r t 


1.L8I4 x (0" J 


- 3.2275 x 10 ‘ J kg -i 


P = 4 -^ 7 * ‘0 ■* j^_] = 8.514 x 10 -» kg - 1 

(I -0.5)la ^ -[(-0.5)0.55] = 3.2275 x 10 - j (w-lliliillw 2 ) 

. 2,349 x tO 5 W + 4.907 x 10 9 = 0 
W = 23174 kg 

The operating condition is P = 100 atm, T - 400°K 


(d) By definition: -r A =- (Paj/H) 


R 3 + —i-J ~ WCas) 
"HAkCeJ 


-m - 


c* 


?Rc, + ■-1- 

L 1 TlBkQu 


— kui Cfl, 


fZ-3 7 



















confd 


In general* Cbi will vary significantly, so that ^us Cas will vary significantly. 
Hcnce T kui witl also vary significantly as a function of conversion. C A? will vary 

significantly only if the pressure drop is significant The Ap factor ct is propomonal to 
all else constant (assuming turbutenEh Between the present case and part (b), 

G/P = constant, G : /G L = 2/15 (because Mi = 15 _ = 2) and D P 2 /Dp l = 1/4 „ 

so =5 a x (8/2.5) -■ 5 x 10 '* kg L Assuming a liberai w = 1 G 4 kg , 

p F a p£j{l-aw j =s 99.75 itm. Thus, Ca s -is essentially constant. 

Let R B = R g -r Rj| + 


— k Cbj 't^ 


Let 



kC.^ Cb, n 


Cai 



.^JL_ 

71 kC B , 



Cth 

" l 1 

^ T| k C^] 


Then. G^ ~ 


G^.1 


L1 " Rj k r| 


C Bi = 


Cr, 


[WR Cl k-C As ] 


Ut Qz = Rjkt! c a ,. Q t = Re, Ca, . c; = . Cg = 

^- 1 -T • Ci = -. C; = -r-5—r-- 

1 ■*■ Qi 2C S l+Q S C A t*Qi- 1 - 7 

!l +Qi g a J 


Substituting for Cg : 

C" = 4 "^ ] ^ A 

1 + Qz Ql C A 

cl+Qic; z +o*c ;-1 +Q t c; 

Qjc; 2 +(i +02-qi}c;- 1 = 0 

This allows Cas ® te calculated from C AC , Cei. and constant parameters tl.fa. R-Cr 
Civen C^s* -rg can be calculated. For an overall material balance; 

= w c 3 s (i-x) 


/X'JZ 














CDP12tG cont’d 


dX 


dW Re,- 


Cb„(1 -X) 


1 


’ lqC AS (X) 

When; Caj (X) is €*$ cvaluaied at C El = Ca, (t ■ X) 

dX - _1 ^(l-XikuCAiC; = (1-XHQi/RcjCl Ceu 
Rc 2 kn Cas c; + 1 Q| C A + i f B" 

■IX t _ Ca. _ QiClfX) 

dW Rc,fd 0 “ QlC ;(x)+ i " x 

Let W - toxal weight, to - ™ 

dX = Q: C a (Xj _ Qj Qi C A , rf-jf 

dW fb.Rc, o,ci(x)-M ( ' 


Ql C A -r i 

Ca, w 


dW 


Qi = Rc.ki, c Ali Ch - R3kTiC Bni Q3 = 

Pci 


^ (9 Cosh c(f - 1 ) where 0 - £bs) 

* - D 


1/2 


W*™ Cas » Cbs this becomes correct for pseudo-firstHmEer kinetics in C B s. Skmlarly. 
Cas » Cas gives ti applied to pseudo-first-order kinetics in Cas- When C^s = Ces, for 
lar^c $, this denaidon of $ gives jj times the first order tj, which is close kj the (proper) 


2nd order T[_ So h our definition of 0 is an approximation bin one which is simple, cnrrecT 
in the lmsits T and nearly correct in iiuermcdia^e behavior. Therefore, we must guess T|, 
so Eve for Cas* ^bs t ualcnlate a revised *1* and recalculate CaSi Q&s, etc, This introduces 

2 T 

two more dimensionless groups. and Cb„. 

Numerically, 


Rd = 230811_3 kg s/ctP 
Rc, = 19130 kg s/td? 

5 = QJ x 10 3 m 


Dh = 7 x 10 ‘ 9 tn 2 /s 

Dorg = 2-S x 10m-/s 

k - 9.142857 x ^- 

kg kmol s 




















CBEl frti cont’d 
Cb<j — 2.734 kinol/m 3 
C,v) = 0-39981 kmot/ra 3 
= 1.53398 x lO^ktaoi/s 
t = 1.5 
C = 0.8 
£*> = 0.45 

Pc - 1600 kg/m 3 

Qt = Rc'jk Caj (19130) (9.142857x Iff 6 ](0.39981) = 6.9927 x 10 

Qz = R 3 kC 0o (230811.3) (9.142S57x 10^)(2.734) = 5.7695 

Qj = kS ~ c *i t p € = (9. 142857 x I0*)(5x tO~*f (0,39981)0.5) (1600) 
Dh ^ (7 x 10' 9 )(0_8)(0.45) 

= c a g l Pc _ 19.142857 x 10 ^(5 x 10 -‘‘f (2.734) (1.5)(160Q) 


= 0.S7033 


Q4 


Qs = 


15 UI g c £p 


c Hn w 


(2.5 x 10 _ ^)(0.S)(0.45) 


- 16.664 


(2.734) W 


p Bn RCi (1.53398 x I O' 2 ) (1.9130} 


(9.3167 x [O - 3 ks’ l )(Wkg) 


Using the constants in a computer program to solve for W, we get W • 18450 kg catalyse 
Xote that the 18450 is wrong due to complete etror. Also, the D r s in Qj and Q- should be 
switched. Thus: 

IcS* t pc 

03 =* n P - - 2.4369 

Q* = SC$ . Cb>T PC = 5.9514 
C*HCT£i> 


This results in W = 14021,38 kg. If you assume C*s = Qjj ^ q » c A [q cajpuiaie 
a constant fc„| and solve for W ~ Ca„k v , ln l|“oc) ’ one gets W = 6523.4 kg. If one 
assumes C B » C A but Cas = 0.1927 Cai. then one gets W = 32372.4 kg. These 
resuits show that ic is necessary to cnnsiiier the coupling. 


/ X - 


hie, ■ 













CPPia-r: 


corn’d 

□ (2? 

€r> *^ Cl. cr 2 . ^ ^ 

9 a V920E-<j.2 . r “; '~~ T 

UlY |L “■" - - ^ -I-lb 9 _ ; 7T, r 

ISO^. -'*•■»' NBIV. '■ , ““ 5 

^ L ^ ft Jin*- 

«■" *uT * ar CJ - m - *’«« „ e „ 


g -3i47£-o? 


«-#»«!■ 


U 


!F 


, 0 

- E 



- o 
. 7 


-0 
■ L 9 
1.0 

^Othpf 


- OOMOoo 

- 2<*fc73&r 

- 

■3:4kB49 

- *2773=9 

- 7=0 1 033 

- 81017=* 

-aaa^iEH 

■9&T94** 

ft 


cab 

■ -^27036 
. 23^*737 

- ir* 
- 

- -ciag?7^. 
■-C30497 

- —o [-57: 

-i47]4:S 

-?*7B73r 


Entw iir 

l«=t-=B. 


iKqt 

io 


NBlt, 


=fi5 

■ **<33159 

r ^0Ef9336 

■ ^0 ?Z£>77 
' g eE5Ci Q 
- 

■ *7919=e 
- 97^=79 j 

■ g 9a^s:2 

-94i?977 

’?=$!:: 

- ***±±92 


Eta 

-733=48* 
-?54!=34- 

■ 77£=29c 

- 7700022 

-a^E*a^z 

- BAZOQaa 

■ 0=90^;* 

- STT77T72 
-WT3ZZZ 
■^742*9= 


.o 
-1 


. 4 

.£ 

- 7 

-a 

,■9 

1-0 

*»tntr 


- (Xksoqoo 

- 

- 7470007 
■ -^^7703 

r *03705* 

-=9ESB0ft 
■*^1517* 

-7799H42 

-334&t4[ 
~‘>E0^337 
-9300000 
ir v ft 


tA5 

- : , ?C70^i 1 

- ^ E03730 
.-,Z^EQ-=? 

- Zr=9?4=* 
-29=124= 

■ -4 ]* 2f 9 

- *0=66*7 

■ (B3U&[ 
-504120^ 

- **B0 : ?= 

■ agsesc.i 


Stop - Fr fl(?r , i# 

r - W = \S2fl ■ 


tJ * F " l *a n*tPc, 


C3S 

- *902:39 
-93*0*4? 

■ ^8739;, 5 

- *957743 
-■*fl=AS( a 
r ^CW-^AO 

■ 974=347 
^7 S — ]d 
-?93««= 

■ ^B-SOc-j 

■9329;?= 


Etj 

- 7372a 

- 7329*0 L 

- 7734229 
.7947914 

■ ** IS34 =g 
r 1573^37] 

■ 233=307 

-Gft72l3B 

- 075704* 

- 078 3 1 j * 

H Q742702 


<<> PluSfio* modc]works , 

J >^n Inf—L 

U-xJ 


L = 1235 fc. 


*? Pc 


1600 k e fe.785 nji) = ° 98 10 

If- - 5k g/m2 s 

700^ = °-<»7l43m 

Pc = = (0-007143 nj)f a i * l0 . 2nj i 

--- 


1. = 


0,38 x to -4 na£ 

s 


= 0,138 


-&9-B m _ ogn 

^ o-lxio-^m -™ 


/£- L/t 








CDP12-G corn’d 

^0- fi In --1- = —2£3— in-1- = 31# 7 

P e ; - X OAU 1-0 -95 

Yes h piug flow model is a good assumption. 


CDP 12 -I 3 No solution will ht given 
No solution will be given 

CDP12-T 

Pan fb) is done first. 

tD> Let B = organic. Then die liquid phase resistance is: 


-! ~b “ 

The first term: 
Pp d-p 


J_ + ^_ 


c B 


T|k C H ,,s 


1500 ^| (!/5 in |2^i|) [ 1500 i£) |3. H5 x 10 > m} 


ac s 1.260 pi 

kg 

Sh = 0.266 Re, 1 !S Sc ]/3 

= G| - d p = (g5cg/ro 2 ^f^-l"5 * 10' 3 m) 47 
3.0 x 10 * J kgta s 


Sc 


R, 

d 


(3 x 30 ' J kg/m s) 
P^ah {900 kg/at 3 } 6 x i 0 ‘ 11 cu 2 /s 


- 55555 


S* - (0.2661{3,47) llS (55 r 555} : ^ = US.45 - kc dpg 

C>L 

(118.45) 6 x 10 - ]1 nj 2 /s 

kc - ----- 2-238 x l0’ fr m/s (assuming a = l> 

3.175 x 10- 3 in 

~ - [(2.233 x 10 -* m/s) (1.260 m 2 /kg}] * ! - 3.546 x ID 5 kg s/m 3 

02 k gfm 1 s 

Tte rand ten: ^ * ^g/g moi s 5 . 

0.05 kg/m 2 s 
2.8 g/gmol 


kcac 


il-4^ 























CPP12- .I coat’d 

m * ** 


n Hl + n Nl s^’ j_ 

n H t 5.ft 


= 0.S5 


Ph, = (50 am) (0.25) - 42.5 


aim 


Ch s j = (415 atm}/o.0068 —JE&LJ _ 0 . 2 S 9 J_moI_H^ 

cWaaa/ dm 3 liquid 


k * K ”'- S ' P ‘“'‘i^fe)! 0 - 2891 ^ 1 ) - 5.7S*10 -»JbL 


D, > d l _ . ( 6x ,o-n <£) MEii . 6 . 3I6 x 


G = R/\/ iilfe = 3.175 x IQ ' 3 /"[i. 7 S X lO -4 ] isod” 

y De 2 1/ ^gil^ = 58 - 

*\ ~ 1 = 0-051 


nkCn i3 (0.05l)(5.78x L0-4J “ 3,392 X 106 

Lima id 


_ Step 

Bulk liquid io catalyst surface 
DiffusiQn/p^acaQn 
Tool 


Resistance 
3.546 x 3G 5 
3.392 x i q6 
3.746 x JO 6 


percent 

9.5 

,90.5 

100 % 


Gas phase resistance: 


f 1 'g)Pt. : {t - £) p P T ~ 1 C H a 

Hkg ai ic, ai + ki a. r T t| k j 


(gas) 


rhe lira Term: kg a L - 2 + 0.91 cV 3 


Ec = ^-Uj 
AL 


/X-^3 































£DE 12 J cont’d 

AssuininE ideal gas behavior: n ^ PM _ 50(2) „ _ kc 

V£ ~ RT ~ 0,032(373) = 32695 ^ 
r j G, 0,2 kg/ia^ s _ 

Pe 3.2695 kg/nP 0,06117 s 

E < - |30^){0,06lI7m) - 1.8352» 33.46^ 

ft 1 s 

k ? ai = 2+0.91(38.46)“ - 12.37 s-' 


H = —_ _ 


l 


RTH Q . QS2 iTT 1 aim (m r[ 0.0068 kmn? 
Rmo] K rfaoi, 

^-^Pp = (0-5) (1500 kg/ro 3 ) _ „ ins kg s 

H Mi (4.8l)(l2.37 s ‘i) 0> m 3 


= 4.81 


The second term: 


Sc = 


I^l 


i6.S^^-S r 1/2 

°L G^-n c 

Q„QQ31 kg/m s 


PlD Ki " (900 kg/rn 3 }(Sx 10 ^ m z /s) “ i3 °’ 56 

G a = -p p t| = (3.17jx lO^m^fgOOkg/T^ffg.Sm/s^) 
Pu (0.0031 kg/m if 

' ! (2.6437 x 10y ^ 

k l a i = 63.30{s x 10- 7 } = 5.064 x !Q 5 sec 1 


= 2,6437 x I0 4 


f 1 - £ )Pp _ (O-SjflSOOfcg/m*) 
ki 5.064 x 10 5 s 

The ihtid [erm: 


= 1.431 x 10 T 


kg s 


Sh ' = 0.266 RJ' 13 S c :/3 = 0.266 (S.47) 115 (430.56}^ - 23.44 

23.44 - ■ ^' a Assuming a = i,0 


/Z~ 4-V 





















crnzJ COQt'd 

3.175 x 10 

ke ac = (i.906 x 10 3 m/s} (l.260 m*/kgj - 7-442 x 10 5 ttf/kg s 

—1— - 044 x 10 4 kg s/mJ 
KC^C 

The Iasi m: 


T,kC ^J (0.051)f2x IQ’ 5 

r -^‘—1(0.07 tsisi} 

= L.-4U X 1U - 

l 

fcjjwL i£ *P a** ' 


Gathering up the nesistznces in gas phase. 


Step 

Resistance 

Pencenc 

Bulk gas - gas interface 

12.605 

0.0 

Interface ■ bulk liquid 

1.481 x 10 7 

51.4 

Bulk liquid - catalyst surface 

1.344 x 10 4 

0.0 

Diffusion - reaction in pellec 

1.40 x 10 T 

48.6 

Total 

2,882 x 10 7 

100% 


(a) Mole balance, plug clow model: - —y- = -r B 

dW 

Race Law: r a - k U | Cr 
Sioiduometty: Ca - Cqo{1-Xb) 


Combine:^- = ^k,(I-X B ) 


~t~ = i Elt '* dW 

I - Xe Fbo 

= 4- = - 1 - - 2.67 x IQ 7 jgL 

r 7 3.746 x 10 6 


Cuo - 0.07 

m 3 


/A' ** 













CDP 12 -J cotifd , 

(S kg/m 2 s) ^*(1 mjp 

Fbo = --pS—___ ^ 9.973 * 1Q-2M 

(900 kg/m*) (0.07 a»LJ s 

10.07 !£DQL] 

fl d3 v B i = --- ^ * (2.67 x IQ~ 7 -ml dw) Wintgs 

(1-X B ) 9.973 x lO'HlKQL \ kgs ) ^ 


dXft 

(1 -X B ) 


l.S74x 10- T dW 


la n : = 1.S74 x 10" T W 
U -XbJ 


= [J (1 mf 1 ] {6 rn) 0.5 11500 - 3534 kg 


In - 




- 6.623 X 10 ^ 


X'b siix - 6.621 x 10 ‘ 


This choice of ~ and k gives a rather low local conversion. Since diffusion- 
resistance is the larges: by far. W coefficient is almost linear m iL 


■reaction 


/£ - V t* 











CDFl&J 


coal'd 


W (kg) L fm) 


500 

0.S5 

9.369 x 10 -5 

1000 

1.70 

1.874 x !0^ 

1500 

2.55 

2.s n x 10 J 

2000 

3.40 

3.747 x 10 J 

2500 

4.24 

4.684 x !0 J 

3000 

5.09 

5.620 x [Q J 

3500 

5.94 

6.557 x 10 "* 



(c) For a|[ the conditions used In ebb problem, the diffusion into pellet and reaction 

resistances were dominate for both liquid and gas. 

At 50 ann iota! pressure with S0% H z in the gas feed- The equilibrium H> solubility is 
0.2S9 gmol/| vs organic maximum concentration of 0.07 grnolA Also, the molar ffow rare 
of H z b higher than the flow rate of organics. 

For these reasons, curing gas flow rate could have no effect on the conversion 
provided the same inlet pressure is maintained There will stiil be a huge excess of the H 2 
and the system will behave as a quasi First-order reaction modeled as a plug flow reactor. 
The concentration at all points will be essentially the equilibrium saturation liquid 
concencradon. 

Answer. N~u change in conversion. 


/x- n 









CDPU-K 


a) The Orcutt model agrees with Kunii-Levenspeil in believing all the bubbles 
are uniform throughout the reactor and both also agree that transfer from 
bubble phase ro emulsion phase is by two superimposed independent 
mechanisms. However they differ in that in K-L believes that transfer from 
emulsion and cloud-wake is different from Orcutt* s belief is the same as 
bubble to emulsion transfer. A disadvantage of the Orcutt model is thai the 
mass transfer parameter is over estimated making the model incorrect 

The Rowe and Partridge mode! assumes that bubble si/e changes as well as 
the velocities which K-L does not do. However due to the model they used, 
the cloud area gets overestimated and does not cone late to the bed cross- 


sectional area. 


The Kato and Wen model assumes that the bubble phase includes clouds and 
voids. K-L only includes clouds. It also assumes that each phase is perfectly 
mixed which K-L also agrees with. But interphase transfer uses a different 
mechanism. This model gives the lowest F factor, but the dense phase proti 
and outlet reactant concentrations were over predicted. 


Solving for KrI 


K* = 0.01 + 


= 2.11 


0.017 + 


0.187 + 


—— - + 0.065 
2.28 


Then Finding the conversion: 


X -1 - ex; 





iA~ l \ r 









CDFI2-L 


U £ )=5A*W-^{u-U^y 

D a ~53*]0' i Uy^2.l 

At a height of y = 0-5H 
y = 30 cm, 

D a = 3.4 cm 

/ = 1.15* lQ 3 fo}Z>; L45 =21.7 

A B = -^~L — 6.74cm 7 

4 

U B ss 25.4cwi 


b) We now uiu$l find the conversion: 


K„ = 6.77 


^*r®.As^is 

Dz 


\ 0 .s 


= 0.89 


* r ‘* =4 - 5 firV 5 - 83 f- 2 ?S : 


D 2J \ 


l 3.4 J ^ D 

= 0,28 




-7.5 


= 0.24 


Jt~ — Ut* 

r,= y s 


k r =n + 


= 0-632 
I 


iC fc 


1 


■ = 0.48 


1 


.Y = I - 




^ + J 

_ |_ . . 

7. iT„ 

K,KX 

u h 

= 0.093 


Much smaller than that obtained in the exsioipfe. 
























CDP12-_M 


150p(l-eJ 

5.1 

H n*l V^iJ 


Since ctT 5 ' 1 



The minim um fluidization velocity will decrease by a factor of 1-4 (b)(b). 


CDP1 2-,^ 

Start with the equation for the rate law: 

-r A - RkC Af at top 
Then find the concentrations 


C A 

L * RTq 


,1- 


840 

760 


■ = 2.575* 10' 


82.06 * 523 
C, = 0.939* C„ c = 0.939(0.961 * C^) 


,-t, S moi 
cc 


At top 

“0.8* C aQ 

C A , = (0.939X0.961X0.8)2.575 * ltT* 
C M = l .85$'* 10"* 3—i 

CC 

n = 2.28 


Finding the rate: 


cc of cat 


—r. = 2.28 -'- ■ * 0.0858 


cc of bubble 


(jf fi« * i .859 * 1 O' 4 ^ 
cc of cat sec 


cc 


-r A = 3-64 * 10' 


-7 


gmol 


cc of bubbles * sec 














amm 


a) Assume a y of 0.6 and then find 



[hC equation for **» diameter of the particle and another for the 


d = j l 50 ^ 1 -^) 

' i 0 36< 

0.586 *// a0M 

Assume 290K and 760 mmllg: p = I,89*lfT cp: p, = 0.001204 g/cm 3 . 

™!l o h 5 d '” Si,y “ f •*“ P'“S imo .He e, B «i„„s for d, 

dp ■ 0,27 cm 

b) Find die diameter of die column: 

A- = 314,16 = nr 1 
r — IGc^t 
D =? 20cwj 

Find the maximum and minimum diameters of the bubbles: 

d t * = 0-652(314.16(10 - 2))°" = 14.9 
4 m , =* 0.00376(8) ? = 0,24 

Find the height of the column: 



A = 13cm 


/* -^7 








0!El££t contM 
c) Find u b 


w 


0.106 = 


10-2 

u h -2A 


u h - 7%3cmf s 

v-7 *'| " 

Then find the conversion achieved at the height of the tower. 


o m iizS . 


78.3 

73 =--In 




1 

1 -X 


X - 0.26 



a) For reaction limitation 


10 

^ s “'4) 

i 

U «f2 ~ 

i- X («(, - U mf ) t 4 Vi - Ya Vi 


1 

3.75 


X, =0.23 

/A - ^ 













CDP12-P confd 

b) For mass transfer 



£ - 4 * *W 

^= 4 .5 ; - 


&2_ 

*h 



.,3/2 


wi Jn Xt-y) 

1“*) 


Vr In yfi 





X 2 =0-U 


my) 


■ft?. - ^ A'- .^. 

^'il ^ml! 


a) For mass transfer: 



Assume 77, = ij 3 



/A - SLS 






























rnPl2-0 cont'd 

Now the mass transfer coefficient: 




U. 

^= 4 ’ 5 ^ 

<*b 


d b « 


( tt a“v)° 


i 

r i 

1 \ Q * 


K 

[«0 - Vj 

1, 

V: 

\ V* 


V~V] 

ij 

Vi 



C-.fr 


Ll3u 


■■n/L 


V] 


^ = 1.05 

b) Reaction rate limited: 

^ _ * M rl 
*1 *el 

*«il = k «rt * eX P 

■ = 303.2 


"19870 f i 

.j_v 

_ L987 v700 

500 ^ 


= 0.0033fc. 


'iLizr!. 


^ _ 1 
A, 0.0033 


CDE12.K 


We first need the viscosity and density of the gas which is said to have air-like 
properties so looking up the two values at this temperature and atmospheric pressure we 
find that: 

p = 2l5.39*Hr* g/cm*$ 
p =* 9.5* 10" 1 g/cm J 

b) We must find T| 

ij = g{p c - p t ) * 980(2 - 9.5 M0 -1 ) = 1959.069 
We can then find 

V = 0.586 *(0.6)^ J: 


(215.39* lO^f 1 

G&29 

(9.5* 10' 4 r 1 

(9.5 * 10^)i959.069(.0i) J ; 


l 2 } 


^,= 0,648 


/X 





















fDPI 2-R coat'd 
a) We can then find 


150m 


''mf 


l -1; 




( 0 . 6 * 0 . 01 )- 
150*21539 * 10 -4 
= I .-69 cm/s 


1959.069* 


0.643* 
l - 0.648 


c) The diaincLer of the bed: 


5* 1.69- 


2277 * 4 
x*D{ 


D. — 18.6™ 

d) By trial and error we have to determine what the entrainment velocity is; 



1959.0 6 9*0.01- 
18 *215.39 *10-® 


= 50cm t s 



This is not correct because the Reynold's number is > 0.4. 


r h7S*10“V 


1/3 

I 4, = 69,4 


Re = 3,06 


This is correct because 0.4 < Re c 500. 
e} Mirs i mum bubble d iame Ee r: 

4* = 0,OO376(h 0 -u^)' = 3,24cm 


- & 













CPP12-R corn'd 
f) Maximum bubble diameter: 

d * - 0 . 652 [ a c («, - u^)f * = 13 ,]^ 


g) Bubble velocity 

Guess a bubble diameter of 12.7 cm. 

H. = ^-x*^ + (0.71)(^y ,,: * 85.9cm/* 

h) Na solution will be given 

i) Fraction of the bed occupied by the bubble: 

$ - ~ ^ — = o.oso 


j) Fraction of the bed occupied by the wake: 

or$ = 0.032 

k) Veloc i ty of the sol ids: 

r 1-S-crS I - G.Q8-0.032 

l) Velocity of the rise in the emulsion phase: 

u =^--u - —3.13 = -0.55cm is 
' c., 4 0.648 


m) I can't come up with the final equal ton 
El) K bC 



5.85 ■ 

k 


dr } 


= i,45 


/Z - 5 “ 










CDELkE 

o) K, c 


cont*d 


p) y. 


K,, = 6.77 


1 . fi •7 I 

<£ 


n=0“O 


%-( i V'v) 


+ ff 


= 0.15 


y< 


q) K, 


^ = t 1 " *W ) '-T— ?' - r* * 3 - S9 


^■Jf ” -l ~ £ 

"-J.. 


1 


■ = 0.15 


if 1 

^ n+-r—r" 

r, 


r) Find the necessary concentration to give 90% conversion 


0.9 = 


0-3-C, 

0.5 


C x = 0.05 


Solving ibe differential equation: 


dC , 




111 (S*0.15)*«t 


’103 

/ = 3.07j 


/X"^~ 7 














rr>PU -R 

Solve for the hieght: 


h = tu b = 3.07 * 35.9 = 263.7™ 

&) The catalyst weight is then: 

vv = paM [ -^/K 1 -^) = 31 ^ 1 ^ 

e) Diameter of the bubbles hajfway up the reactor: 

-— f 

d tm ~ 4>0 
d h0S = 12.9 cm 

u ) No solution will be given 


CDP12-S 

No solution will be given 

CDP12-T 

No solution will be given 

CDE12.U 

(*) 

Mole Balance 

dF A , _ dX 

dW * Ao dW 

Rate Law: 

- r A = 

, 1/H 

k - = i7 

StoichiomciTy 

: c *- c “(rri)K 


E = y^S = (0.80)(0 -0-1) = -0 8 



/z -j> ? 









CD? 12-U (conVd) 

Pressure Drop: 


-a 


Evaluate Parameters: 


dW P D A c (l-^)Pp 


Solubility - 

H 7 — 0.0068 mol/djji 3 
1 


H = 


R ™' (° 0082 ^,f 1 )(373 K)(0.0068 ^SI) 


= 48.08 


Internal Diffusion and Reaction ■ 
I 


Tjk 


^ = R/^ 


D * “ D <- ~ ( 8 * 10 ' !l ■d 1 ^) - 0 ^^— = 8,42 x lO -10 m s /s 

4> = 0.0015875 m 1( 2 * 10 * m3/k g' s )(l 500 kg/m 3 J 3 

V (8-42 XlO" 10 m 2 /s) - 9.476 ra 


3 3 

f I = -=tr4-r = 0.317 


P 9,476 


a*- 


(0.317j(2 x 10”* m 3 / kg - s) 
Gas Absorption - 

R ,(lz e >) p * 


= 1.2 x10 s 


kg s 


m 




k s a, =2 + 0.91E 


U k s Y 8- 

1 l. rn^s ^ 


" - *.-£«. 


.206xiO' 1 m s -aimV v ^ 


mol - K 


f 573 K 3 
\50 atm/ 


1 mol 


0.0072 kg 


E * = (30 kPa/m)(0.02l2 m/s} = 0.638 kFa/s = 13.32 


k s a : =2 + 0.9l(!3.32) M =7.11 s' 

„ _ (1 -Q.3S){lS0Q kg/m 1 ) n,.. 


lb f 


l 


(48.08j(7.11 s' 1 ) 


nr 


0.0212 m/s 


/*- 5T 























CDP12-U (coat’d) 


Transport from gas- liquid interface to bulk liquids - 


R, = 




,467 


= 28,096 


p„ _ Gd P _ ( s k S /m ' -s)(0.003175 m) 

Cl " ft. ~ 0.003 kg/m-s " 8 ’ 

_ (0-003175 m) a (900 kg/m 3 )" (9.8 m/s 1 ) 

Mi (0.003 kg/m s)' 

El - (0.003 kg/m • s) _ 

PlD l {900kg/m 1 }(8xl0 J5 m J /s) 4 6 67 
From the correlation for organic liquids, 

Mi = D L fl6.8^11 = 8X10- cmVsT. a**xwnr 

\ Ga ^ ) \ (28,096)*** 

& {I -OJ5)(l50O kg/m 3 ) u E , s 

R,=-— ; „.} .„ r=?—-~2.32 x 10 s 


4.915 x 10’* s' 


= 4.915x10- s’ 1 


nr 


Resistance from bulk liquid to catalyst ■ 
I 


R. = ■ 


M p 




p £ d p (l500kg/m 3 )(0 003175 m} 126 

Sh = 0.266Ke l IJ Sc lfl = (0.266X&.467) II5 (416.67) m ^ 19.69 
t _ ShP L (19.69)(8xlQ- m z fe) 


R,= 


(0.003175 m) 

1 


= 4.96X10 m/s 


(4.96x10 5 m/sj(l.26 irr/kg) 
Total Resistance: 


= 0.16 x10 s 


kg‘S 


rtf 


R t = R, + R, + R t + R r = 0.16 x 10 ! + 2.32 x 10 s + 2,85 +1.2 x 10 s = 3.68 x 10* 

ci 

Lse these equations in POLYMATH to generate the foil owing program and desired 
graph: 


/Jt -£, D 






















/£-& / 



CDP12-U (corn’d) 


<b) 


Percentages: 
Gas Absorption 


= — c = 7.74 X10" 6 = 7.74 X10^ = 7,74x10" 
3.68x10* 

0.16 


Bulk liquid to catalyst ~ = 0.0435 - 4.35% 

1 3,68 

Internal diffusion and reaction = * ~ = 0.3261 = 32.61% 

3.68 

2 32 

Gas interface to bulk liquid = = 0.6304 = 63.04% 

3-68 


(c) Changing the gas flow rate effects only the resistance due to gas absorption. 
Since the percent resistance of this step is so small, the total resistance is 
essentially the same and the conversion will be virtually unaffected. 

(d) Decreasing the flow of liquid, increasing the initial pressure, and increasing the 
initial concentration of aromatics in the feed all cause an increase in conversion. 







No solution will be given. 


Problem P13-1 


Pl^ 


Plart (a) No solution will be given. 

Part fb) See p 905 
Part (e) 

The conversions of the asymmetric distributions in both models are greater than the 
corresponding conversions in the bimoda] distributions 

The average primary reactant exit concentrations C A bar and C B bar are greater in both 
models for the asymmetric distribution results over the bimodal whereas the average 
product exit concentrations Cobar, C^bar and Cnbar are lowcr. 

[ he select! vities of both models are greater in the asymmetric distribution results over 
the bimodal ones with the exception of Sco iti the maximum mixedness model. 

Comparison of the asymmetric distribution results with the bimoda] distribution 
results for both the segregation and maximum mixedness models yield similar 
outcomes except the values are slightly different. 

Hence rhe generalisation may be made that if one model is used (segregation or 
maximum mixedness) and results are- obtained for the different RTD's (asymmetric 
and bimodal in this Example) then these results will be similar for the other model 
Comparison between results from different RTD's is model independent. 


Part (d) 

Liquid phase, third order, maximum mixed ness model 
Rate la W ; -r,i = k.C* 3 

a = a<>.(i -x) 

ft — — £.GlO''.(1 — *) 4 

“7---hait ! .(l-r) J 


where k.C A o : = 0 08 /min 




P13-2 c<mt’d 


d( K l /d LU - 1--0S- I i-« 'I * - (t-F) *K1 

lwn=2 Ofl-Z 

n .« . 44S?•*'<-! . !B«e-TI-r a *1 ■ J»M.-5*H**S- ‘00 

0065652" La^+-. 0 3 Efl&4 

EIp- 2 - .3616c-e-I^.~2- .00024069*190!* . OlSDll 

F l, 4 .446^8.-10/5*1^5-1 - ietl2t-7/4*Lfl='l*l. 3 5 J Sin - S / 3 * LdU» 

■* J ,.. Q0 03 GS 65 2/? ■ laa*2 - - 0200 04 * Las 
FI— [-9.30 J )6Jt-6*l»ni'-3.S . 0264Se‘ S * La=-2 - - 00941*1-10,*. 61813 

1-11 

E- i f ^ 3 ini'- =7fl > then (EL 1 1 = La e ( e2 1 
Fe if L La=K=7 o 3 4 F L1 else ^ ^ ) 

BF-EM 1 -F) 

* rt * 0r B f It 2Qfl 


t aiciaL v-al ae 


U-Sd 



Initial vnLu* 

Hiximuni vaLLit 

niLi^urujn value 

FiriiL V 4 lu» 

i 


200 

0 

2 GO 

X 

fl 

0,40673 

0 

0.461431 

lxili 

200 

200 

0 

D 

EL 

0.161595 

0 .L 53593 

0.00207273 

D. 0280 D 4 

E 2 

3 ,dp 022 S 

0 .DL 50 L 1 

0.000225 

D. 0 L 50 L 1 

Fl 

£.63334 

5.63310 

0 

fl 

Fl 

0.99? 

0.357 

0 . 3 E 17 G 3 

D. 381769 

E 

0.000225 

O.D 230 G 4 

0.000225 

0 . 02 SO 04 

F 

0,357 

Ul 

-j 

0 

fl 

EF 

0.075005 

0 . 07 500-5 

0.0220679 

fl. 02 80-04 


|. 3 - 2 *I 



At z = 200 , i.c. X ^ 0 (exit) „ conversion s = 46.1 % 


The increase in reaction order from 2 imI to 3 rf has the effect of decreasing the exit 
conversion by 10 %. Once the concentration of A drops below 1 molAim 3 then the rate 
falls rapidly, and C A is not consumed so quickly, resulting in a smaller conversion. 


/i*£- 



jP.13-2 cont’d 


Fart (e) 


Liquid phase, half order, maximum mixedness model 


Rate law: 


-« = *.Q ira 

Q = C«0,(i — jc) 

rA = ^k.Oo ]n .{\-x) ul 


r a 




\lll 


where k.C AO = 0,08 /mm 


12 -2d 

v^eiabldT- 

Initial vilt 2 ft 

JtJUCijmim value 

Mini nnini vftlue 


5 ; 

0 

200 

0 

200 

X 

0 

0,441149 

0 

0,553649 

Iwn 

2 DO 

200 

0 

a 

El 

0.163534 

Q.L63534 

0 . 002 a 7;m 

D.azeooj 

E2 

0.DCQ22E 

O.QL50U 

0.0D0J2S 

fl -0L5DU 

FI 

5.63134 

5.63334 

0 

□ 

F2 

D.997 

0.3 9T 

0.391763 

0.361749 

E 

0-000*25 

0.029004 

0.000325 

0.029004 

F 

0.99-} 

a.397 

0 

0 

ET 

P.075005 

0.075003 

D-Q220S3 

0.023004 


At z - 200, i,e. X = 0 (exit) , conversion x = 60.0 % 

The decrease in reaction order from 2 nd to 1/2 baa the effect of increasing the exit 

fXSow 7 % \i7^ l™ 1 ? * e def?CQdei ' Cy of ^ ra,e on C A means that when C A 

'M 1 a m ° /d ™ *?? the rate of consumption of A does not fall as rapidly (as 

the 2 orderreaetton) and hence resulting in a larger conversion. 

Fart (f) 


Part(g) 
Fart (h) 


No solution will be given. 
No solution will be given- 


First order, liquid phase, adiabatic, irreversible, completely segregated. 
Ensign equation for a batch globule, constant volume : 










where fc(T) = fc>,exp 


y 13-2 tout’d 

e { i m „ rjoooof i i v 
_ r)r°' ICXF ts,3i4U2o' rJ 


and T(X) —Tr> + 


lR\Ta 


320+1 SOX 


Use POLYMATH for X{t J) for t ^ 1 to 14 mins. 


t fmin ) 

m (/ min ) 

Xft.T) 

E(t).X(t,T) (/ min ) 

0 

0.000 

0.000 

0.000 

1 

0,020 

0.132 

0003 

2 

0,100 

0.359 

0.036 

3 

0.160 

0/799 

0.128 

4 

0.200 

o.<m 

0.199 

5 

0.160 

1.000 

0,160 

6 

0.120 

1.000 

0.I2O 

7 

o.oso 

1.000 

o.oso 

t 

0.060 

i.ooo 

0.060 

9 

0.044 

1,000 

0.044 

10 

0.030 

1.000 

0.030 

12 

0.012 

1.000 

0,012 

14 

0.000 

1.000 

0.000 


E(t) f or t ~ 1 to 14 min obtained from Example 13-1 F gives X{l a T)-£(t} (min ') and 
evaluating the integral.: 

X = [ X{t,T)>E(t)dl gives the mean conversion 


Tbe equation of the curve X(T,T).E(t) may be found by individual polynomial 
fitting for the rising and falling limbs of the curve and hence the integral can be 
evaluated reason ably accurately. 



IV 1 / 














































F13-2 coat*d 

13-2b 

LaitiaL va Luc 

d[X)/d[t]-fc-<l-xl 0 

dr*bir> /d[t*(t«4j ttisnfEJ.)e!ie{E2? d 

El =0 . 02 4 Lfi 7 9 r t- , 04 9 4 £S 1 * El "2+ . 032003 3 *E*3 -.004 541fi'7 * t ~4 
E2 =.3 99 L24-.04 0103 3 *E-.GO 4 L5S9S . 000 S3 G 90 b -t"J -3,4 036 

4c-5*t ra 4 
T=320+US0*lO 

fc*,l-TO[(HQ0ti/B.314|*[U/324)-{Lj'f}l i 
*0 " ■- tf , 14 


13-2b 

Variable 

Initial value 

JLijc imun value 

Mini mum valuii 

Fixi*L value 

b 

a 

L4 

0 

L4 

X 

0 

L 

Cl 

1 

xbar 

0 

0.991414 

0 

0,991414 

El 

0 

0-13^096 

-9S.T917 

-3E.79L7 

E2 

0.3as124 

0-3031.24 

-0.000442030 

-0.000442039 

T 

320 

470 

32Q 

4?0 

It 

0.1 

J-9SS34 

0.1 

3.65534 


The mean conversion Xbar, the integral, is estimated to be 89 %. 

The reaction is adiabatic and exothermic as the temperature increases to a 
maximum of 470 K once the batch conversions within the globules has reached 
100% which occurs after only - 3 minutes. Hence, the adiabatic increase in 
temperature considerably increases the rate at which conversion increases with 
time and hence also the flna] value. It is noted that the isothermal batch and mean 
conversion only reach 75% and 38% respectively after 14 minutes, much less than 
the respective conversions in the adiabatic exothermic case. 


Part (I) 
Part (j) 


No solution will be given. 

No solution will be given for Example 13-8 


WO = To* 




See Part (h) except: 


X 


320-100X 











PI 3-2 coat'd 


ia-2h 
Vaji abl* 

t 

X 

liar 

£2 
T 
k 


niLiil vil lie 

Hfljciswtl* vam* 

—---- 


Q 

JK 

14 

0.4L027 

0 

0 

14 

0.41027 

Q 

fl L 2456$7 

- o r o do - ? 5ii 

0.2456&"? ■ 

ft 

2.12101 

-0.00140152 

2.11301 

SJ 

0*0257013 

O_04a2?3!> 

-0 000115254 

-O.0OQLL5T54 

320 

273,971 

27 S.973 

120 

0.1 

0.1 

fl.D1&04S& 

O.O1&Q450 


Pr 

The mean conversion Xbar, the integral, is estimated to be 25 

The reaction is adiabatic and endothermic as the temperature decreases to a minimum 
of 279 K after 14 minutes by which time the batch conversions within the globules 
hlve^acbed 41 %. Hence the decrease in temperature considerably decreases the rate 
at which conversion increases with time and hence also the final value. It is noted 

mean conversion reach 75 % and 38 % respectively after » 
^nuS much more than the respective conversions in the adiabahe endothermic 

case. 


Part (k) 


See Example 8-12 for solution and Table E8-12.1 for POLYMATH equations. 


Let t m = 1.26 s 

PlJ-2[kl initial vnlLig 

diT) .'dlO *2 
Cp=20O 
caan , 3 

T<?=2&3 

.021 

Dhl E -S5000 
Dtaa>-7lS0D 
VO- 1 * S-Q 0 0 
E2 E 27000 
EL = 3900 
U&=4OQ0Q 

= lE2/l.SH?l * [ 41/5CH1> - (l/'Tt ] > 

Crt=caoV I 

r vfl i-Cp 

o—tau*kl t \ l^kl'tnvil *3hl -It L ' *.*u ' kl' sag ' Bh2 / Ul-tOtt*ld \' U 
*■ tau *k2 JI 

Te* \ t*** kappa 'Ta 1 / (kappi! 

C2^tJHS.*kl p «^l-+k3-uuf 

fc=Cp* U-kapp*l ’ (T-tc) 

Cc=i24P-ca-Cb 

f=g-p. 


* 50 a 


/v* 


o. 









pii-irJti 


EHilcont’d 


c 

T 

C? 

CiS-.ti 

Tq 

tJW 

MU 

Dhl 

Vu 

£2 

£4 

UA 

Ta 

5t2 

ja 

Ca 

k^ppi 

Te 

Cb 

£ 

C5 

F 

^«:*l itj 
^[V! 


573 

500 

0-3 

242 

0-021 

-SSOO0 

-n&ao 
io oo 

27$QQ 

a&oo 

■lo-ooa 

130 

T-0J95U-1Q 
0-£36501 
0-30503i 
0.5b56.S7 
727.713 

2ui.a 

0.0030^17 

■"SS0O 

S.55L1U-L4 

10327. -j 


SQO 

1271 

20-D 

■0,3 

203 

■3,021 

-S50OO 

-71500 

10QO 

270 0D 

3900 

40000 

320 

fi. 72543^0 7 

l-075iG**0$ 

0.336031 

0.6fi6Sfi7 

1264*4 

201. ft 

0.2^4612 

223733 

0,2&93B7 
105B9.Z 

= ; 3-2:-■ 


* Hlni^fi La 
0 

271 
200 
o.i 
263 
0.021 
-550OG 
-71500 
iqoo 
S7aoo 
9Soa 
40000 
330 

7.029 Sit 

0 t 63 ft &07 
1.22^65* 
■3.SE66G7 
721.n& 
301-0 
2.12362* 
-3600 
S.afiLlle 
-137233 


v*lue Fin^i ^ i Ufl 
SOD 
1271 
200 
0.3 
233 
0.021 
-55000 
-71500 
1000 
27000 
5300 
40000 
530 

6 -73£l2e*07 

1 ^07£l5-B«Ofl 
1.32W65e—0 5 
0 - 66 GS 61 
12545a 
30 1, a 

: ^ 7 2 • 123-B2-C--07 

321721 

:_r 14 0.259337 

-197333 



states exist rather than five. 


min it is clear that only three steady 


ss 

! t 


C B 

Q: 

I 

462 

0.012 

0.285 

0.003 

2 

530 

0.003 

0.207 

\ 0,09 

3 

677 

0.0004 

0.0025 | 

0.2974^ 
























Problem Pl3-3^ 


dC a E(A ) _ x 

Maximum mixedness model : ■ = £ r Ca h- ^ —^777 ( Ca — Cap) 


ne&iraaging: 


JA |_ !” 


rfA 

£(A) 


F(A) 


C* =■ 


l-F(A) 

C.<j.£(A) 

Vf(A) 


Using the integrating factor : 


G*<? 


Ca J**-3*£V 

Clt L 


_J _ Em . 


rfA 


{*i 3 SK_} 

- Em A^y 

1 

1 

t ■— 

l-FU) 


l-m) 


dA 


Cuo 

But Eft) d{X) = dF(X) 




'li^J 


A 

-J 


■F(A) jij ''■ J [i-/-iijj‘ 


i-m> 


e c ■ 


rfA 


^LigLL _, 


jf 


gn/es: * - - =<f ™ =rr d[£ " g - fU)1 = (l^F(A» 

changing the variable from X to t in the RHS integral: 


*L 


^ J ( 1 -F( 0 ) kir 


l-F(i) 


a 


Caq.£ 


.U - 


-1 


( 1 ) 


1-FfA), 

Exit concentration is when X = 0, F(0) = 0 hence eqn (1) becomes : 

Ch = C*oj E[t)e~ u di 
0 

which is the same expression as for the exit concentration for the segregation model* 



























Part (a) 


CSTR V-(Cao 


PFR 


Now evaluating 


C A ) =tCA n V 

= k*C A o n ClX) n V 

.kc^c^a-xi-v 

x _ J, Qo'- 1 f° r 

a-xr 


U.Cao 


dX 

dV 


k. Ca‘ 


dX _ fc.C*g ^ _ j q" 

dV ~ V-C*.o 

1 V 

l dX _ LCa o"~_ f / jy = fc.y.qp J, ~ 1 

J ( i-xr" » i 



put y - 1 - X 
dy = -dX 


Hunts X = 0,y - 1 


X=X x y = y 



-L-Mi-xT 1 ]' forPFR 

= 1 - |i - (i - *»r] 

{1 - XotO" ' “ ” 


fom< 


the conversion is greater for CS fR- 


l*-* 


Equating 




Part (b) 


Sec CD-ROM for full length answer. 


For an nth older reaction 


-r A = k«C/ 

^K)l 


SCI 




C^Cjj 


The maximum mixedness model will give greater conversion as compared to the 
segregation model if 

n(n * l) < 0 

=>D€ (0,1) 

Similarly, the segregation model will give greater conversion as compared to the 
maximum mixedness model if 


n(n- 1)>0 

=> either n < 0 or n > 1 


Both models will give the same conversion if 

n<n - 1> = 0 

=> either a = 0 or n = 1 

Problem Pl5-5« ( old manual solution) 


The tracer experiment for the poor operation indicate that initially there is_ 1 ^ 

in the bed, corresponding ro the rapid peak in concentration. e Mother 

concentration falls as the tracer flow is hindered by compacted packing re 

parts of the bed. 


Part (a), Cb) 


The mean conversion for RTD analysis is X ~ J(1 e 

0 

C(t) 


E{t) - r" 


1 C(t) 








F13-5 cont'd 

Using B(t) data from the flow conditions we get the following mean conversion after 
evaluating the above integral. 


X* values for different operations 


Flow condition 

ki = 0,1 hr' 1 

ks = 2 hi~^~ 

Poor operation 

0.1 

0.364 

Good operation 

0.4 

0.5 IS 


Part (c) 

Results point to die importance of flow condition in achieving high conversion. 


Problem P13-6n 


Irreversible liquid phase, half order, segregation model. 


Mean conversion X - j X{i).E{t)dt « 0.1 

a 


Assume a normal distribution for E(t): 


m= 




ext 



i 

iiv 

r ('“5)'] 

L ^ J 

■ 3^1 

2x2,1 1 


— = k — (1 - X) Vi and Cao = 1 moIAina* 
ds C*o 

By integrating for X at values of kj and inserting into the integral for mean 
conversion, along with the E(t) function will yield Xbar = 0,1 for some value of 
This is a trial and error method to estimate k] , 

Using POLYMATH : k t = 0.0205 mo! ira /diD t;6 ,s 


















P13-6 toBt»d 


It'Ll. Ei-a 1 value 


£quatici[is : 

dLx) /d(tj *k"1 Hi-*] Urt )) o 

d{xfair)/d^)-3C-E * 

k=D.Q2Q5 

si^ma.=2 

tav=5 

£= [1/ (pilgM- i (23.14] " 1 L/2) ] > ] - | (e.-E£ut ‘2 ] / (2* (si^au* 

t D = 0r r C = L20 


Vaxijsiblfl 

InieiAL Vilu* 

kiucinuzj value 

Mi.rii-.iini value 

ridfll valiae 

t 

a 

37.5607 

0 

97.&S0? 

1C 

0 

1 

0 

l 

x&xr 

a 

Q.G521924 

0 

0.05ZI324 

k 

0.0205 

0.0206 

0.02DS 

0-02Q5 

e igiM 

3 

3 

3 


t*u 

5 

5 

& 

5 

E 

0.0172787 

O.0ES9**S2 

l,S4fiM«-JO0 

1.3*602e-2D8 


Problem P13-7 b (old manual solution} 

r 

Cumulative exit age distribution function: F(t) = J E(t).dt 


r (ircicoi. 

For a negative step F( t ) = J “ —|”^r-J<*ir - 1 — 


ao 

Co 


v ^ v C(r) 

/(0=-0-m>= 7 -^ 


u = 1.15 gal/inin = 4,35 1/min 


V = —D 2 L = “(30) J (30 )in > = 347 35litres 
4 4 















P 13-7 cont’rl 


Time (min} 

Cumulative estit age dislribution F{i) 

internal age 1(0 


170 rpm 

100 fpm 

170 rpm 

100 rpm 

10 

0230 

0.347 

9.51 E-03 

8.16E-03 - 

is 

0.306 

0,434 

&69E-03 

7.07E4I3 

20 

0.361 

0,457 

7.99E-03 

6.41 E-OS 

25 

0.408 

0.546 

7.40E-03 

5,S7E^3 

30 

0,457 

0501 

6.70E-03 

5,1 IE-03 

35 

0.496 

0.631 

6.29E03 

4,601503 

40 

0.528 

0,667 

5.90E-Q3 

4,16E-03 

45 

0.564 

0.693 

5,45E-03 

3-84 E-03 

50 

0.593 

0.724 

5.08E-03 

3.45E-03 

55 

0,624 

0.752 

4.70E-03 

3.10E-O3 

60 

0.65 

0.774 

4,36 E-03 

2.83E^33 

65 

0.671 

0,705 

4.11 E-OS 

2.56E-03 


Cumulative exit age distribution 



Tlmo {min} 


Internal age distribution 



/Z-/J 



























































FU^Z contM 


The tracer fraction leaving the tank which has been in the tank for time t is always 
greater in the 100 rpm tank than the 170 rpm tank Consequently the tracer fraction 
inside the tank which has been inside the tank for time t is always greater for the 170 
rpm tank- This suggests that the tank operated at 100 rpm has dead zones and the 
tracer bypasses. 


Fart (b) second order ; completely segregated model 


Batch reactor eqn for a second order reaction 



dX _ rA_ 
dl Cag 



-~ k.CAo.t 

[-X 


k.CAo.t 


i-tk.CAoJ 


where k-C A o = 0.05 /min 


mean conversion 


X = \x(t.T).Emdt 


170 rpm _ 1QO rpm 





Rate law : 


— r.\ — k. Cl 


Ci = Oft(l-i) 


n=-k.C*c?.( I-i) 













r* 


FX3 T coiu'H 




wlsfc LCAO^ 0.05/min 


dF 

dX 


= EU) 


J cu)dl 

u 

E(X} is found using POLYMATH polynomial fitting 


1 = 65 -1 



' ■ <>.»-•»■ -.«»«: t'Ji -: ^. m , 

— ■ _ _ _ lc - w o.ina'H'si tD 





. __ ---— -■ L--- ■ VlTj-- 

100 iprn : EO) - 0-04045 - 0 (JOKES*. + 1.366e-5>. 1 - 7.833e-U J 
170 rpm : E (k) = 0.0449 - 0.0009311 + 1.475C-5J1 1 - L655e-7l 3 + S.2Se-]0X* 



170 rpm 

100 rmri 

conversion 

0.47 

0.45 


J*r*blea til-7c 

C-TgO-i ClQQi:; 


El-KJ "S] J -E TE^IV Cl-F? [ 

d[fl 

UMit.QS 

Li«i£S'( 

M - e * [<1 - n °°» « 'l«l * 11 1 ■ «S.-S] *.! l«mi J1 - ((l. «S-T, . 


Iruifi.j.1 Valque 

D 

G.393 


Viriabl* 

7iu 7. Li‘! 

JKAjrjjma, m-a ] uc 

Minima t>«3cie 

P ■ | i n 1 ^rii 1 r> ■. 

C 

D 

55 

0 

r - 11 n, | vfl ±ufc 

53 

X 

0 

ii. IUS37 


■*7*317 

f" 

a - SSSi 

0.393 

-0.75*793 

•3 71,J732 

IrC-ao 

C1 . <15 

O.tJS 

0.05 

Q,0£ 

In 

S3 

65 

& 

0 

% 

0 - OL5S23-fl 

& Mis 

&.O153230 

rj.OJJU 
























Ft 3-7 cont*d 


Parttd) 


As in Part (b) segregation model second order: except adiabatic 
Ax in Purl (c) maximum mixedness model „ second order : except adiabatic 

= 0.05'J™°(J~ 

11.987^,320 


" ,hcre *( r )=fo.sxp[|^~-ij 

i^y- 


and r(Jf) = 7b + 


320 +80X 


C> 0 = ? 


Problem Pl3-Sp 


Plan (a) 


t (min) 

C (10e-6 mol) 

m 

F«) 


6 

0 

0 

0 

O' 

i 

0.1 

0.026667 

0,013333 

0.026667 

2 

0,2 

0.053333 

0.053333 

0,106667 

3 

0.3 

003 

0.12 

0.24 

4 

0.4 

0.106667 

0.213333 

0.426667 

s 

0.5 

0.133333 

0.333333 

0,666667 

6 

0.45 

0.12 

0,46 

0.72 

7 

0.4 

0.1D6667 

0.573333 

0,746667 

e 

6.35 

0.093333 

0.673333 

0.746667 

9 

0.3 

o.os 

0.76 

0.72 

io 

0.25 

0.066667 

0.833333 

0,666667 

ii 

0.2 

0 053333 

0.&93333 

0.566667 

12 

0,15 

0.04 

0.94 

0.46 

13 

0.1 

0.026667 

0.973333 

0.346667 

14 

0.05 

0-013333 

0.993333 

0,166667 

IS 

0 

0 

1 

0 

in( C = 3.75E-06 mol.s/dm3 

ml Efl) = 0.9999975 

int t.Eft) = 6.666667 



H-U 

































P 13-8 con ra 



M 

Mean residence time, u = J t . E(t) - 6.67 min (see table) 

Volume V = t ra * v = 6.667 * 150 = 1000 gal. 

Part(c) 

PFR. second order y,C ao— = k. Ca 

dV 

f <£(_ LCaq 

ia-x? v 

where V = 1000 gal, d = 150 gal/min, k.C A o = 1.2 /min 

X 1000 
1-X ' ' 150 

gives X = 0.889 by iteration 

























Pl3-8 cont’d 

Part(d) 

CSTR , second order v {Cao — Ca) — k.C*.V 

= —LCaoXI - X) 2 
Ca » 


—±-= —*.Gw 

(1-X)’ V 

where V = 1000 gal, l) = 150 gaJ/rnin, K-Cao - 12 /min 
gives X = 0.703 by iteration 

Part (e) 

Completely segregated 

Batch reactor eqn: d£j_ _ ^2 

<U 

1-X) ! 

dX 

X-]^X(A)£(A)rfA ; 


where E(t) = if (t <= 5) then (0,1333 / 5) * t) else (0.2 * (0.13333 / 10) * 0 


PI J-'fie 

dti} /d[U =tCao"[l-X]"2 
a [xbaicl /£(£> =E*X 
,2 

E « ■* lt«=S) then (0.0266361' E>*l.se (8.2- (0.0151J3 -Cl ) 

lam-15-c 

tfl * C f « is 


P^obLtffl Pll- 

-3 c 


MLni-dSUW val^j.e 

V^riobl 4 

Initial value 

tiatfirmim vdl'Je 

a 

15 

0 

X 

0 


0 

rfxir 

fi 

a.aeai&S 

0 

ItCAO 

1.2 

1.2 

1-2 

e 

0 

Q .133322 

Q 

Ion 

15 

IS 

0 


IniElal 

0 

0 


Final val'-ie 

IS 

O.S4T3SB 
0.560199 
1.2 
Sa-ttfi 
0 


n-/s 













PJLlzScont’d 

Using POLYMATH gives mean conversion xbar = 0,86 at t =t 
15 min 

Part(f) 

Maximum mixedness 


dX m E(X) 
dx ~ c*o + \-F(xy x 

Rate law: -ryi = jt.Ci 2 

C* — Ca.q.( 1 — x) 


/*=~JtCac\(l-x) 2 


JTA 


'c.Cao ( 1 -jc ) 1 


where Ic-Cad - 1 .2 /mm 


dF 

2T EW) 


X ~ 15 ’ t 

where E(X) = if (k >= 5} then (0-5999 - (0,1333 1 5) * X) else ((0.13333 /10) * t) 


PbobLtxn PL3-fl£ 

Equ ation^ : 
dlF) /d\X)*~E 

h (stc *.Q w t i -(E*x/fi-fj |i 

kCria^l ■ 2 
ljnL=2£"1 

E-iFaan>=XO)6hBi(a.3S959-(O^36«7-lMi^,Jl«[ff,0l3Saa*l«, 
t 0 J 0j fc £ » is 

Ejtbblun 


Ini r i |N 1 vali^ 
Q-9993 
0 


Vdxldbl e 

in,i t ia L value: 

Baximup valu* 

Minimum vilu* 

F i n j. 2 valuer 

t 


15 

& 

L5 

P 

D.jm 

Q.9&99 

-L,249S7a-0S 

-1.219 S7 c-C S 

K 

■3 

D.3S39I7 

0 

fl.BS29L7 

kcao 

1,1 

1.2 

2,2 

L.7 

l-±m 

IS 

IS 

0 

a 

E 

1,5*-Q5 

<K1133IB 

-I.Se-OS 

Q 


Using POLYMATH gives X = 0.854 












Partfe) 

'■ 

- - • - ■ .j-rf - 



n i fcwdtSftr. 


Part (h) 


f d order 

Part (a) 

PFR 


£13^3 con t’d 


k(T) = fa?, exp 


R\To T) J 


-L^J 3000Q f 1 M 

,CKp i S3 14 U25 rj. 


and T(K) = To + 


—A line 


l Cp 

But t(325K) = ? and C AO = ? 


) Xm 


320 +150X 


Ef 1 1 'll , rioooor 1 lYI 

«n = - 7 Jj 


k C P A J 


and T{K) = To+ [X = 325 - 500X 


But k(325K) = ? and C AO = 


Problem FI 3-9 a 


Design equation 


dX 

VoCaO-'— = krCA-Cs 
dV 


a = Oe( l-X) 
Cb = C*v( I - X ) 


f dX , ^ 2 V 
l ‘— — 7 — Jfc. Cbo — 

{{l-XY » 


Lei 


y«I-X t dy = - dX 


r 

1— ^ 

1 

1 

r 1 t 

J-71 

L 2 > 2 J 


W-x) 2 l 


= k.Cto 1 


/1-3& 























plS-P contM 


1 i v 

-“-s' — I = l.k.Cao 1 — 

(1-X) 1 « 


, 1 

l- 2 X + JT l =^—- y 

l + Zk.Cuo 2 - 

u 


2 ± 


Using the quaiiratic solution X = ■ 


A J| 

1 

14 _ 4 

1 

1 - y 

l+2.k.Cso\- 
jg J 


Substituting the values X = 1 + 


y. 


= l^ai 68 = 0832 


The conversion for a FFR X — 83.2 % 

CSTR Design equation 

( Cao - Q) = -r*.V 


-M = k.CA.Clt 


Ca^Cao({-X) 

Gr = C$o{] — X) 

C-AO — Ci 

Cap 

x = t.tr» 3 .(i-X) J " 

Substituting the values and iteration gives: 
The conversion for a CSTR X = 66,2 % 


/£-2/ 

















EJl^tont’d 

Laminar flow, completely segregated 

E(t) = 0 for t < T / 2 
= i 3 /2t 3 for l>t/2 

T = V7\> = 1000/10= 100 5= 1,67 min 
X = jx{f).EW^ 

x - r - ” 1_ /mXcvTr 



0(0 E C.9SQ *?i - 0. *35&!52 « *&. e i 2 -G. D7 1 tidTi * t: 3 -C-OQ1300W1 4 
-E.fltiSSSr'OSt 5 

The integral xbar gives mean conversion = 22 % 


Part (b) 


Segregated model 



dt 


Batch reactor Na - NavQ - X) 


VAo— = k.CA,Ca 2 -V 
dt 

Ca = Cao( 1-X) 

Cs-Cto{ l-X) 


H-2.2- 








P13-9cont*d 


Similarly 


Y = k.Csd^rt 


f dX 

Ul-X) 

m 


_!_*■-*_■ 

VLl + 2.*.Cw 3 ,f. 


Jf = J X (f), £(r)df and Eft) from the given data. 

Q 



Kl) » -D.O ILL 33 L +G.OJE4+ r -U*QZO'?D2 t 7 L t 3 - 0, OOUGfiCStf-f s 4 

-2,£mi5 ] *--3S l 5 

Evaluation of the integral gives mean conversion for the segregation model 
xbar = 90 % 


Maximum mixedrtess 

dX _ r*_ E{k) 

dk ~ Cao + 1-F{XY X 

Rate law : -n = Jt.Ci.Cj 1 

G = Cao.(\ -x) Cb = Gw. (1 - x) 

ni = -L C*a. Cbo* . (1 - *} 1 where k = 10500 dm 6 / mol 2 . min 

™ = ^.Cdo 3 .(1~^) 3 


%■«» 


% = 14 -1 


/ 1 -& 











H 3 -» coat’d 


Ds ^|D|«M. D ■■ I ^Pii n- r 



P£H5 - 5-3-?^97v-1 5 1 -0. L00335 l'-□.Cl^Bij^ ? 3 -Q.0033^5^3 l* 


ud i ,.™ □ i □ - a -i j»-i rs*' 



Pti > - 0,4-0035^ -G-Q+?2(H3 fc -0rW53l,3e45 l 2 ^D.aaD63LQ3S L 1 -2.3^f042*-Q5 t H 

v*r,.rtc r ■ UEeS^^^-pf. 

where E(kj = if (\ >= 10) 

then (4.52c-15 - 0.05755k + 0.10833k" - 0,03385k 3 + 0.003385k 4 ) else 
(0.40936 - 0.04726k - 0.003138k 1 + 0.00063 lk 3 - 2,2504c-5k“) 

Eqijali ion-s ; IniLl&l value 

4in/dit)=-E o-issJ 

d( K | /d( o ■{k*fcb &*2 :■ * < (i -?o *3 1 s - lb-*/ u-n) 0 

k=1050O 
Cbo=0.3l3 
l-ckm=L5-1 

EL=-:fl ,S26€i-lSS-'iO-057SS*^amJ+^ .10013* ,03105*(1 

ain'Sl ] + ( .<301305* [lam'll 3 

S2=.4Q91-( . 00726'Lainj -( . C 0313 0 " ) )*( . 0OQ631*J 

- ( [2.2504£i±-5 \ - ) ^ 

E-iE ■; lncs> = 10J then*El) elseJEZ1 

fc 0 * 4 ' S £ - 1< 











EiHcont’d 


ia-9 

V4riatle 

c 

F 

X 

k 

J,AJB 

£1 

E2 

£ 


v alue H ajcimuni val ue Minimum «.?■!» 


D 14 g 

0 r ?399 0, g?93 -105.199 

^ 0.939531 Q 

iOSOD L0500 l05fl0 

0' 313 0-311 0i3U 

15 1 

aO.-SIS* B^-gSzg D. 020^15 

-a-DlSasUU 0-3S95I “D - 0JL532IH 

30.53-39 SO-Mis C-.028&54 


llie exit conversion ns estimated by the maximum mixedness 


g iJifll value 

14 

“■135 l L59 
o .90aai 
luSuij 
0-315 
1 

0.03O31& 
0.2SS51 
D.35951 

model is 


X 


Part (e) 


J £{/)<* = f (o => = Eft) 

o dt 

where E(t) i$ obtained from [he polynomial fit in Part (b). 


Let a ss age i {a ) = ^[l-F{a)\ 


JJ. :cc — 



92.7% 


r^-hS' 













Intensity function 


A A 


P13-9 cont’d 

_ m) 

l-F(A) 


y- 


'l.ZZZ - 


J- 


H- 




a.COQ 3-QQ3 S-3&0 '3. GO I 5£.Q0a 15-3CE 


Part (d) 

Segregation model 


di 


where 


and 


*(n * to.Mp[-f^*-Y| = iOSOOexpT^^f— — 
1/fl^ T}\ *T_ S.3I4 V320 


r(£) = To+ 


-Aline 


lx = 320 + 


150X 


CpA J 

X — | X (t). E(t)df and E( t) from the given data. 



Evaluating X(t. T) using ODE solver and then evaluating the integral xbar using 
polyfitting gives 

xbar - 98 % 


Maximum mixedness model 

dX TA E0 t) 

dX ~ Cao + 1 - F{X)' X 

- -£ r Csp : .(1 ” j) 3 
Cm) 

















EjLSzicoiK’d 

30000 / 1 
33 J 4 1320 

and T(K) = To + j X = 320 + I50X 


where k(T) = ko.cx] 


L R\To rJJ 


-10500exp 


gives X = 99 % 

Problem F13-We fold manual solution} 


Irreversible, first order , long tubular reactor, constant volume r isothermal. 
dfA 


For a PFR 


= “r^ 


dV 


jy 

Fao — = k. Cac>,0 - X) 

dV 


A?*? 
i'-* »i 


Xal-e 4 ’ 

For X == 0-S65 => k.x = 2.0 

For laminar flow with negligible diffusion, tlie mean conversion is given by 


X = jx(t,T).E(.t)dt= | X{t). E(t).dt 

0 f/2 

X{t) used for batch = 1 - c' Li 


T* - t 

B{t) for laminar flow reactor = -where s > — 


2t 


= J V = 1 ~1 


" e' 4 V 


2t 


dt 




T 2 7 V 


^ tJt ^ 


dt 




Therefore 











PI 3-10 


Integrate by parts: 


u = e -ti du = -k. e k, dt 

df l 

^=7 U = "^ 




Integrate again "by parts 


du = -k. e lkL, dt 


u = e 

*-4 —i 




[ *'* r 

‘ , 7 k e 'l d ) t 


„ I < i 


X -l-e~ kUl + 




From the CRC Handbook of Physics and Chemistry : 

t -y* y 1 y 3 y* 

J ^ du = Y + l,ny ~ y + 22\ ~ 43! + 44! 

where y — 0.577 

| i — dt let k.t = 0 => 4*~ 

h 1 

k 


To solve 


fe.i 

~2 


At 


1 . , . 41-1 

r = - , $ = 2 -l 












PlSzlfi 


Ctirtt’d 


Substituting 


f e ' U , 7 e~* 1 ~ t e * '<■/>-+ 

L ■ d ^\WiT^ = \T dt ’~h d * 


Here y = 1 


It*-: 






2*2! 3*3! 4*4! 

Note: Series is truncated after y 4 

J ^.J«77 + o-, + ' ± + i,l. Ml8 

T/2 f L 4 18 96J 

Equation fl) becomes: 


■jt.T/2 . k.T 


X = I “ e-* r ' 3 -m 

2 4 


(0.218) 


X = l-*' 1 +e~' -0.218 

.\X= 1-0.218 - 0,782 

Problem F13-1 Inf old manual solution) 
Turbulent velocity profile is given by : 


14 — li mu I 


MJ 


Fraction of fluid between r and r + di: —*- = ^^^r.dr 


Vo VO 


«(r) 


T'o find H(r) which is the fraction of fluid between time t and 1 4- 


and t: 


dtp we need to relate r 


LjliTrT - 


r ■! / \ xn 

J 2 K.r.u[r\dr 2 r *rJ rM*J 1 - dr 

J>__ Q \ Rj 

& — — 

1 ZJE.rMr 


k.R 1 


/i- 2 ? 
















PI 3-11 confd 
Let X-l-r/R r=(l-X)R 


dr = -RdX 


At r = 0 X = 1 
r = R X = 0 


F 


Ufirt 


= J JC ,rr J?ti - X }(-R)dX = -a.H ™{(X ^' rt - x** )dX 

R 1 ] i 

=2.«-[;* ,n -S x '” J ‘ ‘ 2 -“~ x7 {t5t)“I“- 


BUI Mavi — 


1)0 

&.R 1 


60 iv 


then «(r) - 


60 


49 x.R 


:.R\ R 




t = 


L 49 l 

h(t") 60 w 


49 




X.tfL 

where x=- 

Vo 
























£■* 3 - 11 coin'd 


Also 


or 


49£ 
60 H 


Substituting 


nr- 

-f&j] 


( 49 tV 1 Rt 1 

VO Vo {t ) [Leo t} Jo5896f» dt 


E(t) = 1392213 —-I l 


t*f f 49 rV 



60 t 


Clicking; js(t)dt = fE(r)dt 


*9 
60 C 


Let 


y „ 49 t 49 r 

A = -—•—=> r =■- 

<50 t 60 X 


, 49 *■ 

dt ~~60X ldX 


and 


49 


t = X = 0 


j E(t)dt = 


UoxJ 


pCO* = -13921^] }x\l-r)dX 


j E(t)dt = LOO 


/i- 3 / 



E15JJ1 


cont’d 


Wc have 


60 vo 49x,R 

=> VO— ---Ho 


Un “"49^ 1 


oo — 


49^(10 dm) 2 


60 


60 


(iOdm/s) = 25656:W l j 


«g*L _ Ocbnf (1 QQdm) = 




256: 


% 3 d ^ /l 


PFR 

dC* 

dt 


= -k.C* 


, c '* 

Ln - = ~k.t 

Cao 


,_ x =^ =€ “ 


X = l-e lJ = l-e~ 


.. r |. r(49Xl2.245)Yl 

X=jxWE(t)Ji = 3392m2245? \ 1-1 - (6Q)n > J f ,> ' 

0 ^ U.MS ^ ^ 

W 


^ = L7145c9 


SHffm* 


dt 


I $-3 3 - 






Prflhtem P13-12 B (old manual solution) 





























































































































Problem Pl3-t2 B fold manual solution) 


Part (a) 



Part (b) 

To find the fraction spending between 230 and 270 $, use Simpson’s rule for points 
between 230 and 270 s : 

J E(t)dt =t -—-[8.74 + 4(9.66 + 9.66) + 2(9.97) + 8.84]xl0e - 3 


J E(t)dl - 0382 

DO 

Part (c) 



200 t 400 600 • 


/s-i/ 



















PIM 3 


coat’d 


Part(d) 


The fraction spending less than 250 s is o.422 

Part (e) 


Mean residence time 


tm 


- Jh E(t)di = 273 s from polynomial fitting 
o 


Part{f) 


vs time 



Part Cs) 

V 2 = j(i- t m f E(t)dt = 1832 by polynomial fitting 
0 

The standard deviation = 42,81 s 

Part Oh) 

The E(t) graph demonstrates good symmetry about the mean time t m = 260 s. The 
model suggested the reactor i$ a plug flow reactor with t = 250 s. 

Pdrt (I) 


For segregation model; X = j X(t)E(t)dt 
























Eim 


confd 


For first order X{t) = 1 - e' kt with k ~ D.01 15 /s 


Gives xbar = 94.5 

. 

Fart 0) 

■ 


For second order reaction : 


C Ci> 


-ft./ 


c c<? 


c—- 


Co 


l -l - &. Ox f 


1-Jt = - 


1 


\+k.CoJ 


X - 

X =■ 

where Co = 0.0 J mol/dm^ 
gives xbiir “ 0,313 


it. Car 

I +Jt. CoA 



t 

i + krCo.t 


m 


k = 10.55/60 = 0.1758 mol/din J s 


Problem F13-!3 b 

The elementary gas phase reaction: A + B —* C In a CSTR 

F c = 20 kg/s ; V 0 = 1 m 3 ; C AO = 0,4 mol/<lm J ; \>o~ 10 dm 3 /s 

kj = 0-06 /s ; k = 0.03 dm'Vmol-s.g; ^ = 200/20 = 10 s 

da , 2 1 

Second order decay : — = -kj. a ^ a - -—7 

J dt \ + tuJ 


fi-ic 









Part (a) 


F13-13 


touted 


Meao activity exisiting in the reactor: 


& = J «(/). E(t)di 

o 


\ T ^ 

5" 


_ ir e i z 

^ 0 I + fcf./ 10 J 1 + 0.06/ 


t 


1 1 + 0.06r 

0 

1 ■ 

5 

0,467 

JO 

0.229 

15 

0117 

20 

0.0615 

25 

6.0323 

30 

6.0173 

35 

0.0097 

40 

0.0054 

45 

0,0030 

50 

0.0017 

55 

0.00095 

. 60 

0.00054 

__65 

0.00031 


Ude Simpson's rule to evaluate the Integra]: a - - _ 0 $g 2 2 

10 

Part (b) 

^ TJV* ° f ^ “' a,y5t “ ** *» that * d,c ecit , he 

distrih*.- ° *^l eai latl: p ' obI ' m ““ ™“> activity calculated from lesidence lime 
order JZ JSJ! *° ” PPCr bC, "‘ I ** ° rder “*'«»“ hound for 


■nic actca! value of mean activity can be calculated using population balance 
Bombay'isS ’ P ' A " PhD tt “ :SiS ' C ‘ 1 ““ al E ”® n< *"”E. ITT, 


/S ~ 1 > 




























P13-13 cont T d 


Part (c) 


Assuming micromixing : W = 


FaoX 


-rnoa 


or 


vo.X = k. Ct 0 P a. W 


a+£.xf 

£ = -0,5 

Checking units : dm 3 A = dnvVmol.s.g x moLg/dm 3 

dm 3 /s = dm 3 /s OK 

(0.03). (0.04). (i - X} 3 (0.6922). (2x10*) 


10J( = 


X = 16.613 


(1 - 05Xf 


eqn (1) 


(1-JO 3 


(1 - 0.5 JQ 


X - 0-S7 


Part (d) 

Assuming segregati on model: 


—r/i - - 


1 dN* Nao dX ,„ 2 (1-2) 


W dt W dt 


= fc.Cjifl* 


(i+£,xy 


-a(t) 


C.io.VodX , „ , (1 -Xf 1 

■ = K. Lao - 


IV dt 


(i+e.xy i+kd.t 


(1 -xf dX LCaoW 


{(1 + E.Xf dt b.Vo 


Lnil + faJ) 


2e(l + e)ImO -X) + £*X + - = — — Ln{l + Ut) 

(l “ X) h ft> 


-0.5MI - X) + 0.25X + = 4Ln(l - 0.06/) 

1 “ X" 



















vn-n coDt*d 


X=]xU)E(t)dj 

* 

Do it numerically. 


Part (e) 


X = 0.75 


Use eqn {1) where W is unknown : 


(l0)(0-75) = 


(0.03). (0,04). (1 - <0.75)f (0,6922). (HQ 

(l-0.5(0.75)) 3 


W = 56,432g 


Part (fl 

t = 2 $ 


1 — 1 *r t _l31 

a = - f —--- dt - - f where ' 

211 + 0.06/ 21 l + 0-0< 


0.06/ 


t 

f(t) 

0 

i l 

1 

0.5722 

2 

0.3285 

3 

0.1891 

4 

0.1091 

5 

0.06314 

6 

0.03661 

7 

0,02127 

8 

0.01238 

9 

0.00721 

10 

0.00421 


Use Simpson's rule to evaluate the integral: 


„ 1.7964 

a = - 

2 


- 0,55982 


10X = 


(0-03). (0-04), (1 - X) 3 (0.8982). (2 ;rl Q' s ) 
(1-03X) 1 


i ^7 
























Part (g) 

For first order decay: 


da 

— = -fa, a 


a = do, e 


-bfJ 


■Ki * 


Kip H t '+j)l 


A*+ -— 
« 


* =• 


1 


1 


1 + Ja.fc 1 +(0.06). (10) 


■ = 0.625 


. „ „ (0.t)3).(0.04).(I - X) 1 (0.625).(2xl0 5 ) 

(1 - 0.5X) 2 


X = 15 


a-xf 


(l- 0.5X) 


X = 0,86 


(10)(0.75) = 


(0,03). (0,04). (1 - 0.75/(0-625). (W) 

<1 - 0.5(0,75)) 3 


W = 62,500# 


/ 













Problem PI LI 4 



Part(a) 

Liquid phase, segregation model, second order, non ideal GSTR, adiabatic 

X = \K{t,T).EiOdt = 0.67 
■0 


m =- 


C(t) 


JC(t)dr 


blit | C(t)dt - I mg, min/ dm 1 


E(t) = IF (t £ 1) THEN’ (t) ELSE (IF (t > 2 ) THEN (0) ELSE (2 ■ 


0 ) 


-fV 

For a batch globule : Qs— = -r* 

dt 


-r A = k.G? 


Ca = Gm>(1 - X) 


dX 

dt 


k.CAO,{\-Xf 


where C AO = 2 mol / dm 3 
























t = To + 

where 


P13-14 cont’d 

-A HrxJC 
Cps + ACp.X 

Cps = XBiCpi = Cpa + 0 = 50 J/moLK 
ACp = 1/2 Cpb - Cpa = 100/2 - 50 = 0 


T = 300 + 150X 

Iterate with Ea, using the ODE solver for values of X(t,T) and substitute these into the 
polynomial regression to evaluate the integral X = j X(t,T)>E(t)dt = 0.67 

D 

When the evaluated integral xbar = 0-67 then the Ea is correct, 
m-t* 

d [5C] ?&1 1 s =Jt *eJO a t E 1 ] * 

cao^2 

T=3OO+aS0 T 3tJ 
El =T_ 

E2=2-C 

&i=ioaoo 

(Ei/a.SHJ * [ < 1 / 300 )-Ll/nfj 

i f 1 t^=l) tbtiij t El J {E2 ? 

i 


H * 


csyji 



Q.S 

31 

l.S 

2 


fl.S 

1 

a.s 

0 


a.s 

i 

0.5 

0 


*.*326* 

O.Gfln 

0,7m 

0,0326 


0.tB7 
0.IS?0 5 
0 











p *3-14 cont’d 



- ^SOOZfi^n - lrSJ1 , 3 , , 1 ., nJlJl+Ji + 

'T ” m ° l *° u* 

11 ~ to curacy Les m *1* polynomial fit and hence th 


PlartO) 


Parallel reactions, isothermal, segregation model 
batch globules 

dC* 

~j- — r a — Tax + Tax =z ^mCi 1 - jtjcCtCi 


dCs 

dt 


rs - -TAX + TAZ = *mCi 2 ~ Jt ZcCaCb 


exit concentrations 


dCc 

-rc- -m i - *rcCiGr 


^CjrtAsir 

dt 


~ CaE{ f) 


£?Cffiar 

= c,m 

i^C'cbar 

—=ccm 

E (0-JF(t< I) THEN (I) ELSE { IF <t > 2 


) THEN (0) ELSE (2 0) 


l$- 4 $ 


correct mean 
integral area. 









P13-14 


cont’d 


CrJJXt 

selectivity S = —— ( = 2,3S) 

COrtr 

Iteration with k^c until S =' 2 . 3 tf gives k^c 0.3755 dm'/mol, min 


Fwblen ^12-14 -:bj 

Bgodtlfrm = Initial value 

( -fcla" fC&*2] J * (k2A*Ci*Cbl 2 

d(Cb>/d*t> ■(&£!** [Ca^2n^O£34*Ca*Cb> 0 

d (CeJ /d j tj <=fc2 a *Ca*Cb 0 

d tCabar J yd ( z. > =Ca*E a 

d (Cbba* I ,/d (=Cb T E a 

d^Ctbi^J/d(t>*Cc*E ft 

kU=D,2 

ia*=0,a7S& 


E :if Lt*=ll thsiii (tj clie(if (t>-2 1 tben(ft^ else (2-c)) 
Snebbir/ [Cebar+0.000002] 

c o 3 H - -i 

Pfdblran SlJ-llih|. 


UiLfiiLbl* 

Ir*! Lia.1 value 

Maximum value 

Minimum valvit* 

Final vo 

t 

0 

4 

D 

4 

Ca 


2 

1.3273 3 

1.32733 

Cb 

0 


P 

0.672153 

Cc 

0 

l.IOSS 

0 

1.1035 

Cabair 

P 

1-562S6 

D 

1.58235 

Cbbar 

0 

D.417439 

0 

0.41743^ 

Ccbof 

0 

0-X7S374 

0 

0,1.75374 

kla 

0.2 

0.2 

0.2 

0.2 

k2a 

0,3755 

0.37SS 

0.375S 

0.3755 

B 

0 

I 

D 

D 

3 

D 

33.117 

0 

2.33027 



















Problem PH-ftt. 

Multiple parallel reactions, isothermal 

E(t> = 0.0279693 - O.0OOS5271 + 1.2778^51 2 -1 J066lc7. 3 + 4.5747e-IQ t *- 7.73l08e-l3 

** = 2 ' 0 m ^ moLmln - fc3 = 10 nVolV k4 - 5.0 

Plart (a) 

Segregated model 

dt\ , „ , 2 

=-*'■ c * - fc. a. Cj - - u Cc. a 2 ' 3 

3 

— = -usfa. cl cy - 0 , 75 * 2 . a. c B - h. ace 2 

dCr 

Ca. Or 1 - 2h. Ce 2 . Cm - U Cc. C* 2n 


~ ~ 1.5ki. Ca. Cm 2 + l.5kz. Ca.Cs + U Cc.C* 2n 

dCe $ 

—- = 0 , 5 * 2 . Ca.Cs + -~k*. Cc. Cx 2ii 
o/ 6 


dCr ^ 

= 2 ki.Cc‘.C& 
dt 



dCA 

—=a. £M 

dC, _ „ 

rfCc „ 

—-Cc,£<0 

dCb 

~=c,.m 

dCE 

—-C,w 

dC> 

„ Cc 

'>CD =* 

Ci> 

p Cj? 

L1M - =:r - 

Ci" 

5sf = i=- 
Cf 


/%-*/?- 






Initial vjtlue 


FiMblea PI 3-16 
EgUdt-lnm;: 

dfCi}^d(t3 = (-fcl^Ca--!Cfa A 2H- [k2’ fc CA*Cb3 -1 (2/31 'M *Cc * {£*"■ [2 D-OS 
n i ) > 

ditti* /die) ■{&*2} S - (0.75*ltl*Ca*CbJ - IJO'Cb' (C 0- OS 
c'2>> 

d(Cej/d[t> = (kl^Ca* (Cb~2 ? ? - (2*l£3 *Qj* iCc^211 -fkd’Cc* (Ca*(2/ 0 

3 3 ] J 

d(CdJ /d [t J = [1.5*kl*C.a* ECh^J ^ ir El. 5*k2*Ci*Cbj + (k4 m Cc* (Co A < 0 


2/im 

d[C*J/d(t)-[a t S*k2*Ca*cb>*ij £5W *k4*Cc-(C** £2/3] >) 0 

il(€£J/d(t]=*E2*k3*Ql*{Cc*2?l 0 

d(Cabir3/d(tJ=E*Ci 0 

d(Cbbar)o 

dlCcbar]/d(t)"E'Cc & 

dlCdbarl/d (t ] *E p Cd 0 

dtCebar^/tHtl-E'Ce & 

drcfbar^/dlcME-Cf 0 

kl«5 
k2«l 
M*S 
k3 = LO 


E^a . 0279693- (0,0d0eS2T35^t,J + £ [1.2T7B6-&> T (t*2) 3 - ( El. 066Le 

-73Mt A 3H+Ei4.5?n*-10] “ It-4) l-< *lt"5) I 

Scd=Ccb*r/ (Cdba£4-0.00O0OOOOL] 

Sdfi^Cdb^r/ (£eba**Q. DQOO000O11 
S&f *C*fc*x/(Cfbar *-Q.0 D00000O 0 011 

c O - °' S E - ioo 


rxeblefl Pll- 

Variabie 

16 

initial iralue 

MaxidUn Value 

Nlc'i Ldtu-Ti VAIve 

f inal value 

c 

0 

200 

0 

200 

C .1 

O. 0 £ 

0.05 

0.0217543 

0 . 0 S 17543 

Cb 

o .as 

0-05 

l, 7211 u -03 

1 , 72116-09 

Cc 

0 

0.000413273 

0 

1 . 422276 - 13 . 

cd 

0 

O.D 423606 

0 

0 . 042300 b 

Ce 

0 

0 j 0141226 

0 

0.0141126 

cc 

0 

4 . 434976-07 

0 

4 - 494976-07 

C&bar 

0 

0 . 0201679 

0 

0.0263679 

CbbiUf 

0 

0.00326211 

0 

0 r 00926211 

Ccbar 

a 

6 . 054926-05 

0 

6 . 594936-05 

Gdbat' 

0 

0.0355547 

0 

0.0355547 

Ctbit 

0 

Q.flUIUK 

0 

0 . 0110 LOG 

CEbar 

0 

4 r IS 5 33 -b-O? 

0 

4 . 15533 c —07 

kl 

5 

5 

s 

5 

fc 2 

2 

2 

2 

2 

kl 

5 

5 

5 

5 

U 

10 

10 

10 

10 

E 

0 - 0259&91 

0.0270693 

0 - 0002197 4 

0 . 00021^74 

Scd 

0 

0.0703057 

0 

0-00135612 

Ld* 

0 

3,35056 

D 

3 . 0 O 53 D 

- 5 ef 

0 

S 06571 

0 

2 B 433.1 









Exit concentrations: 


PI 3-16 conl’d 


Ca = 0 . 026 mol 1 dm* 
Ca = 0.008 
Cc = 6355e - 5 
Cd - 0.036 


Cs = 0.012 
Cf = 4J56e -7 


Selectivitics 

Sa> = 0.001% 
Sli = 3-009 
Sef = 28433 


Patt(b) 

Maximum mixedness model 


E(t) = 0.0279693 - 0.0008527X + 1.2778e-5X 2 - J .066 le-7X 3 + 4.5747e-I0X 4 - 7.73108el 3X J 


and X = if - z. 


where z=[,tf = 200 min (extent of E(l))- 


JCa 

dz 


fa 



E{X ' 

1 -F{*h 


and t A 




Ca.Cb 1 — kx C*- Ca 




and so on for the other species. 

= -E(Z) gives F(k) 

dz 

Problem Pi:-15 

Egmtiom: Initial trig * 

d[Ca)/C(i|-( [-kl-ca* fC&~2 } J - [Ja*Ci*CbJ - [ (2/3 J -Scd^Cc- [Ca" ( 0.05 

2/3 >]?]-[ {Ca-Cao? *EV U-F) ? 

dfCbj /d(£} = [ L-i.3S'kl*Ca-<ch*a) )-lD.T5'kl-Ca*d»-(k3-cb*( Q.05 

Ct 4 2] ) j - ( L^-CboJ *E/ (1-P)? 

a LCc) /4UI - ( [kl* [CU^'2 i 1 - (2 T k3 *Cb" ICc-ll-) ^fc**Cc* (ca* (2 0 

/J> >1 }-(Cc*E/tl-f]] 

dlF]/dlzJ=-E O.gs^g 

d [CdJ /<!(£.] = [{1.5*kl“Ca*■ (Cb*2? 1 + [ 1.5*k2*Ca'Cb| + [k4*Cc- (Cn* fl 
(2/3] )}]-|Cd*B/U-F) J 

d[Cs] AHi}=[{0-S*kl-C*-CbJ + ( 1.5/5? *kA *Ctr* (Ca* j 1/1 j ? M-(Oe* 0 
E/ 

d.[C£) /d<zl«( [2*k3*Cb*(Ce"2) S * - U-tt I 

Je3 = L0 
lei * 5 
* 2=2 

fcd = 5 y 

/ 3 -/^ 


0 








P13-16 cont’d 




CJU&aO . a 5 

' cbe^o.as 

lam=2O0-E 

$cd=C*,' ECd*D . OD0-S0-00Q01> 

$de=Cd/CCc* 0.000000001J 

s<s£=c*/ tcf * a. &a a Doa o-aoi j 

E«0 . orw- [0 .00 005273 5 nan) + [ U-1778e-5] ■ ilaBT2 > ^ - ( [L. 06-6 
la-7) *(lflin“3> U.574To-J.O) * (1*1^4) }-[(? .73108 <j-1J] -( 


= Or 


C = 200 


Men FL3-16 
. - - 


Vari-dble 

initial value 

■I-laji-imua. value 

KiniJHUre 

Fi.ru> 1 valve 

;M - , 

Z 

0 

200 

0 

204 

CA 

0.0S 

0-45 

0.0262434 

0,0262525 

Q> 

0,00 

0,05 

0-04690504 

0.0101173 

Cc 

a 

0.000110211 

0 

2.9267e-05 

P 

0.99999 

0.99999 

-fl.00157133 

-0.40157113 

cd 

0 

0.035935 

0 

0.0326212 

G* 

0 

0,0116711 

0 

D.0109551 

ct 

4 

2.1O£43e-07 

0 

7.98503e-09 

Jt3 

Id 

10 

10 

14 

K1 

5 

5 

5 

5 

fc2 

2 

2 

2 

2 

U 

s 

S 

5 

5 

GW 

0-05 

0.05 

0.05 

0.05 

Gbo 

0,05 

0.05 

0.05 

4.05 

lu 

200 

240 

0 

0 

Scd 

4 

CL 0736547 

0 

0.BOOS97176 

sdt 

0 

3 .1725 

0 

3.0040A 

S*£ 

0 

1 .14111*4- o& 

0 

1.1431 le-i-0 6 

E 

0.0002:044 

0.D2T57 

0.40022044 

0.02297 


Exit select!' vjtcs: 


C\ = 0.02%m ot / dm 1 
0 = 0,010 
Cc - 2.927* - 5 
Co = 0.033 
O = 0.011 
0 = 7.985e-9 


Sdecttvh.es: 

Scd = 0.0009 
5or = 3.004 
StF = 1343110 


Part (c) 

Ideal CSTR 

e'* 1 

t m = T and £(0 = -- 

t 

/$Vb 








P13-16 cunt'd 

Mol balances : 

= Fav — (—m) where ?a = — Jti, Ci. Cb 2 — ki- Ca. Ctt ——k*. Cc.Ca 

dt J 

F^o = Cao-^j = 0.05 * 10 = 0,5 nioi/min = Fbo 

and 50 on for the other species, 

^ ^ Fa 

Ca = Cm-> ef£--. 

Ft 

Cto = Cao + Cbo = 0,05 -3- 0.05 = 0.1 


Ft = Fa -3- jFfr +Fc+ H- Fe 4- F/ 


S-L3-16 

dCF*3 /d[t]=?0,5>[ (Cb-2)) - <k2*Ca-Cb) -([2/3] -k4"CcM 

Ca~<2/333 3 3 

d[Ff] M^l=n| (2*k3 -Ob" [0^2]) |> 

d(Efc) /d(Ti>=o.S+s [-i,lS*kl*ca*(Cb-2) 3-(fl-75*kl"C^Cbl-{M■ 
Cb* {Ce*2 13 3 

d [Ft3 /d(t.}= I (kI*Ca* iCh*2) 3 - <2 T k3*Cto- (O^i3) - lk4"K" fCs" (2 
/3)33 3 

d[Fd>/d^th■ [ |L 5*ia™C** [Ct'23 3*< 1. 5*k2*Ca*Cb3 * Otfl*Cc" (Cfc* 
(2/33331 

d<F*3/d{tJ = [ifi.5*k2-Co*tt]+{ (5/^3 *fc**Ce’' tCa^(2/3} 3)1 

ki=S 

k2=3 


Initial valyg 

0. 5 


0 

0.5 

0 

0 

0 


fcJ«L0 

E=0.027JS53-(0.000852735*t]+ HI.227Ee-5 3 *(t“2)>- i {L .0661& 
-7 3 *(13+1(4.5747 c-L0)*[d* 4 3 3 -i(2.71LGBe-13 ] ■ i t * 5 3 3 
Cao«P,OS 
Cbo^O,os 

Ft* Fa+FI>4Pc*F<i*Fe-Ff 

Ca«G.l*Fa/Ft 

Cb=0.l*Fb/Fc 

Ca=a_l*Pe/Fc 

Cd^O.L^Pd/Ft 

Cfe=Q-l v Fe/Pfc 

Cf-O-l-Ff/Ft 

sed-fif (t<!3 ttwn'ttc/ {Cd*0, QDOOl) )fllsotOc/cdj 

£de‘Vif l c cii then \ Cd*Ce+ 0.000013 3 els* [Cd/Ce3 
Sr?f=i£ [cci i thsnfCe/ [C*> 0.00DO 13 3 ^l=c [Ce/Cf3 

t g = °' r t = 200 







F13-16 


cont'd 


ymgmr 


P*oble=s Pi 3- 

1$ 

Vukbl4 

Initial VAlUe 

s' 

0 

: 

0-5 


ft 

Fb 

D .S 

« 

D 

Fd 

0 

Fc 

0 

kl 

5 

k2 

1 

ki 

5 

u 

LG 

2 

Q r 0i79Gft3 

Cld 

0,05 

Cto 

ft. OS 

Ft 

1 

Cl 

D.05 

dp 

D.D5 

o? 

0 

Od 

0 

Ce 

0 

CE 


Sed 

0 

Sde 

0 

So£ 

o 


Hiit concentrations: 

a = 0.050flt£?f/rfm J 
Ca = 0,0*9 
Cc - 5.639e - 5 
Cd = O.OOOS 
Ce = 0.0002 
Cf = 3.03« “10 


vaLuh 

Kinitftan value 

Final value 

3 DO 

0 

200 

*9.1957 

G-S 

93,3357 

5,07001u-G7 

ft 

fi.0?0G3*-G7 

S3 SIS* 

D,9 

90.5199 

0,112m 

0 

0,112073 

I.6549B 

g 

L.-S543a 

0-49532 

0 

0.49S22 

5 

5 

5 

2 

2 

2 

5 

5 

S 

1G 

1ft 

10 

0. 0279693 

0,0*031,974 

O.G0G21974 

0 r ft5 

0.05 

0,05 

0.GS 

o.gs 

a_D5 

20ft,175 

1 

200.176 

ft, OS 

ft.0436547 

0.0196547 

0.05 

0.0492 L47 

Q.Q492117 

s.eaesaw-os. 

0 

S.63393*-GS 

0.000525763 

0 

ft, SD0£26763 

0.000247333 

0 

0.003247391 

3.01235e'iO 

0 

3.03235©-10 

ft.D7L916S 

G 

O.OS&304& 

3.36237 

0 

3.3419 

4.99052e*&6 

0 

515644 


Selectivity ; 

Scd — 0.068 
Sde a 3342 
See — E15844 


Ideal FFR 

t ra = t and RTD function Eft) = 6 (t - t) 

■ = {— frl) tA — “ifelu Gi. CjS 2 — fc Zr Qr Cj7 — CC - 

iV 3 

an d so on for the other species. 


/3 -30 









E 13 - 1 £ 


cont’d 


Ci — Cro—1. 

Ft 


etc,.. 


Cto — Cao + Gio = 0.05 + 0.05 = o.I 
Ft ~ Pa + F * + F c + F|> + F fi + F f 

PI3=IG 

BgUfl.t.1 ijc r: - 

f&(V) =-!2*Hb 

d < Fi) /d ;vj =rzl*+ r2**2 *r4^/3 

^ :FbJ /r (V] * 1 ' 25*riA.o -7S*r3a+ r jb 
d (Pci i d (irt. -* 1**2 ‘rjb^e 
«rtiyd,v„. t , s , rl ,. 1-5 . rt ^ ie 
dlP t J/<J(V]^o. 5*^-5. f4c/6 

Pt=Pa H’kn-i' e »p < }»p e , F£ 

; rr i7s *— 

-a*[p c/Ft} *(Fb/Ft) 

C^Oa-Fh/Ft 

Cc=0 L I» Fc / Fc 

Od-O.fFd/Ft 
Crt-0. Jl'Ffl/Fc 

Sid-Cc/ fC d^.aD0OJ.l 

(Cc+-0. o o (1 d i j 

rcf.D.aoootj 

= Q r TJ 


Ln.iti.x.1 Value 

0 

0.5 

0.5 

0 

0 

a 


a -- v £ 

Problem PH-15 


10 




Pf 


Fb 

Fc 

Fd 

Fe- 

Ft 

EL fl 

r2* 

r4c 

rjb 

Ca 

Cb 

Ci 

Cd 


0 
0 

4-5 

Q.S 


O-OS 

0,05 



S.S 
O.OSlaiSS 
0.5 
0.5 

0.0012545 

0.7* 

0.3225S7 

1-0532 
-G.757t-0g 
-3.075Be-g 


gjn*l fraW 

S.5 

O-oslsiss 

* - 3^di2e-oa 
O-07l55gs 

0 , 001050 o* 

0r75 

0.2225jJ7 

1.0-3309 

-6.767^-03 

-2.D75ft & -Q@ 

-5,13S2*-fl7 

-1,01S?le-{J5 

3.37&76e-0 S 

O.DQ6Sl3a5 

0.OOOZ775pfi 

O.0£fl23ai 











v 








Ce 

C? 

Scd 

gdfl 

S*£ 


pt31< ; 

□.D202S0L 
0.00471,4 J9 
0.36410* 

7.03231 
9.0226 


C Otlt’d 

0 

0 

0 

0 

0 


CA = 13$e-9mol / dm 
Cs = 0.0065 
Cc = 0.000277 
Co = 0.068 
Ce ~ 0.0202 
Cr = 0.0047 
Segregation 


Selectivites: 


Sa> - 0,004 
5ai = 3-368 
Sef = 4.286 


Sct> ~ 0.00196 
5m = 3.009 
See = 28433 


Maxixmum M 
Sa> = 0.0009 
Sde = 3.004 
See ™1343110 


0.02025*1 

0.00471419 

0,00406611 

3.36911 

4.29629 



CSTR 
Scd — 0.068 

Soe ~ 3.342 
See = 815844 


PFR 

Scd — 0.004 
5m ' 3.368 
See = 4,286 


Sef for the PFR is very much smaller than for the others, because Cf is not so small at 
the exit of the PFR in turn due to exit Cc is not so small either. The conversion of C A 
in the PFR is virtually complete at the exit of the PFR, hence greater Cc- 


/vw- 












Part (d) 


P13-I6 cont'd 


Eft) vs time 



E(t) = IF (t £ 10} THEN (0.01 i) ELSE (IF (t > 20) THEN (0 ) ELSE (0.2 - 0.01 t)) 


Segregation 


Maximum M 


CSTR 


PFR 


Scd= 0.004 See =■ 0.0035 5co=0.Q6S Sea =0.004 

Soe = 3.109 5m = 3.106 Sot = 1342 Soe- 3.368 

Sff = 2407S Ser = 41503 Ser =815844 5er = 4.286 

For the segregation and maximum mixedness models. Set is much lower than for the 
CSTR but still far greater than for the PFR. The CSTR and PFR values are unchanged 

as they do nr>L depend on E(t). 


Problem P13-17 r 

Multiple parallel reactions, isothermal 

Asymmetric RTD : E = IF ( t S l ,26 ) THEN (El) ELSE (E2) 

El = - 2.104t* + 4, l67t J - 1.596t 2 - 0.3531 ■ 0.004 
E2 = - 2.l04t 4 + I7.037t j ■ 50.247r + 62.964t * 27.402 

km = 0,25 dm s /mol 2 .min, = 0.1 dnvVmol.min, ko = 5.0 dm 4 /mol“.min 


/ 3 -- 5 > 










EJJLU cont’d 


Par t(a> 

Segregated model 
dCh 


dt 

dCs 


- -km. Ca.Cb l — 3in, Ca.Cs 


—— “ —2km. Ca. Cb 2 — kf-}. Ce. Cc 1 
dt 


dCc 

dt 

dCo 

—- 

dt 

dCe 

dt 

dCr 

dt 


— km. Cn. Cb 2 + fej. Ca. Cd - Ikfs , C 3 .Cc 1 

— koi.CjLC b 1 - 2J hi.CA.Cp * kn,C b.C c 1 

— kE2.CA..Ctt 

■ = kft.Cs.Cc 1 


ell 

dCc 

-7 - = Cc.E{r) 
at 

dCe 

dt 

dCs 

7 , - =c '- £w 

= Cd.E{i) 

at 

dCr 

dt 

Cjj 

Ce 

Srs ~ 


= Ce.E(!) 

-■ Cr.E{t) 
Ce 












P13-17 cont’d 

Problem P13-17 
Equations: 

d(Ca)/d(t) = (-kdl*Ca* (Cb A 2))-(3*ke2*Ca*Cd) 

d(Cb) /d(t)a- (2*kdl*Ca* (Cb~2)) - (kf3*Cb* (Cc~2)) 

d(Cd) /d(t)s (kdl*Ca* (Cb~2)) - (2*ke2*Ca*Cd) ♦ (kf 3*Cb* (Cc~2)) 

d(Cc)/d(t) = (kdl*Ca*(Cb*2) )*(ke2*Ca*Cd)-(2*kf3*Cb*(Cc~2)) 

d(Ce)/d(t)*ke2*Ca*Cd 

d(Cabar)/d(t)=Ca*E 

d(Cf)/d(t)=kf3 *Cb*(Cc~2) 

d(Cbbar)/d(t)=Cb*E 

d(Ccbar) /d(t)=Cc*E 

d(Cdbar) /d(t) =Cd*E 

d (Cebar)/d (t) =Ce*E 

d(Cfbar) /d(t) =Cf *E 

kdl=0.25 

ke2=0.1 

kf3=5 

E2s ^“ 2 - 104 *(t A 4)) ♦ (17.037*(t~3))-(50.247*(t~2))+(62.964*( 
t))-27.402 

E1 * ( " 2 * 104 * (c ^ 4) >♦(4.167*(t A 3))-(1.596*(t*2))♦(0.353*(t)) 
-0.004 

Scd=Ccbar/Cdbar 
SdesCdbar/Cebar 
Sef*Cebar/Cfbar 
E=if (t<* 1 . 26 ) then(El)else(E2) 

'» " *• '< ■ !. 41 < 


Problem P13- 

Variable 

-17 

Initial 

value Maximum value 

Minimum value 

t 

0 

2.416 

0 

Ca 

1.5 

1.5 

0.579486 

Cb 

2 

2 

0.511616 

Cd 

0 

0.674325 

0 

Cc 

0 

0.197054 

0 

Ce 

0 

0.106456 

0 

Cabar 

le-05 

0.818879 

-2.17501e-05 

Cf 

0 

0.286089 

0 

Cbbar 

le-05 

0.767019 

-3.22628e-05 

Cebar 

le-05 

0.162801 

9.89375e-06 

Cdbar 

le-05 

0.59962 

9.89383e-06 

Cebar 

le-05 

0.0529211 

9.99996e-06 

Cfbar 

le-05 

0.198527 

9.99999e-06 

kdl 

0.25 

0.25 

0.25 

ke2 

0.1 

0.1 

0.1 

kf3 

5 

5 

5 

E2 

-27.402 

0.95674 

-27.402 

El 

-0.004 

0.958623 

-21.3885 

Sod 

1 

1 

0.271507 

Sde 

1 

46.651 

0.989386 

Sef 

1 

1 

0.154929 

E 

-0.004 

0.958623 

-0.004 




Initial value 
1.5 
2 
0 
0 
0 

le-05 

0 

le-05 

le-05 

le-05 

le-05 

le-05 


Final value 
2.416 
0.579486 
0.511616 
0.674325 
0.135425 
0.106456 
0.818879 
0.286089 
0.767019 
0.162801 
0.59962 
0.0529211 
0.198527 
0.25 
0.1 
5 

-3.135e-0S 

-21.3885 

0.271507 

11.3304 

0.266S68 

-3.13Se-05 



Exit concentrations: 


E 1 M .7 cont’d 


Ca ~ O.Z\9moU dm y 
Ca = 0,767 
Cc - 0.163 
Ca = 0.600 
Ce = 0,053 
Cr - 0.199 

Part <b) 


Selectivities: 

Sea = 0.272 
Sue = 11.330 
Sef m 0.267 


Maximum mixedness model 


As the RTD is asymmetric we can use the same equations for E(X.) as wc did for E(t), 
with: E(X) * HF (*£1.26) THEN ( El ) ELSE (E2). 


dCA 

dX 


= —yV^ + {Ca — Ci£>) 


Em 

l-F(A) 


dCA 

= -{—km. Ca. Cb 1 - 3fc£2. Ca.Cd ) +- 


(Cji - Cao) 


Em 

i-fm 


The same applies to the equations for the other species as in Part (a). 

Problem BIJ-i? 


gquaciODgj 

d (CiJ / d {t 'f * r < - kdL 'Ca' [eb~2 I ) - (3 +kiz2 T Ca \-UCi I -CflO) * E / { 

i-pn 

d (Cb) /dtt)»1-{3*hdl*Cs- (Ct-3J ) - [kfl-Cb* <Ce*2 > N - I 
*S/(1-FM 

diJCd^ /d | Ci ■ ( LCb"i:i ) - [ 2 * fci;2 "CiP *Cd > + (k£3 "Cb 11 *Cc*3) ) 

)-<(Cd'Cdo-3 ) 

d(FJ/d[t)«'E 

d (Cc J /d (tl - \{ fcdL *C* " LCb'^ I ] ■+ ^ kc2 "Ca r Cd) - (2 r \f J *Cb' (Cc * 2) p 
J -[ ICc-Cco^fim-FF I 

-a ic-e) /d(t) = (fc<J-Ci*Cil| - ( fce-Ceo) *E/ a-FI J 
d^Cf J /di t) = (kf3 *Cb" (C5"2 0 H (C'-Cfg) "£/ U-FJ) 
hdL=0.2S 
bt=2 = D,l 

Cao=L.5 

IcfSxS 

Cbo=2 


Initial traiue 

1.5 

2 


0 

0.^35 

D 


& 

* 


/ 3 ' 5 C 








Ei-3-17 


cont'd 


cco&o 

ce*=a 

CE*=a 

Sef=Co/ CCf+ 0.00002.J 

s=d=cc/ fod+o.oooau 

5d<^Cd/ fCe*0.0DG01) 
lam=2.416-t 

£2={-2.134*(l. 3 nr4] (17 - 037* (lam A 3] ? - (50.24 7* [Laa-2> | + | 62 

-9S4 r (lam) >*27.402 

£1=* ^2 . L04- ( Lott." 4) >+(4,167- £ laaTl.l ) - ( L. S3C P ( IwTi) I *(0.35 
! -0.G04 

E*i£ [lam«l. 26) tlwjjEl >*lae [H 2 ) 

H “ Dr & £ * 2.415 
Problem P13-17 


Variable 

Initial value 

Kajii mum vaLLle 

frini rrriTTi value 

Final v*lu« 

t 

0 

2.416 

0 

2.415 

Ca 

l.S 

1,5 

3.046576 

0.840570 

Cb 

2 

2 

0,824205 

D.024205 

Cd 

D 

0.576213 

0 

0-576213 

F 

£-939 

G.999 

0.£0912191 

S-D033Z171 

Cc 

0 

0-15*813 

0 

0.161736 

Ce 

0 

Q.0538424 

0 

0.0513424 

ce 

0 

0.1&2001 

0 

0.192001 

Wl 

0.25 

0.25 

9.25 

0.2S 

kt2 

0.1 

0.1 

0.1 

0,1 

Caa 

1.5 

l.S 

1.5 

1,5 

k« 

5 

5 

5 

5 

Cbo 

2 

2 

2 

2 

Cdo 

Q 

G 

0 

£ 

Cco 

0 

0 

0 

0 

Cw 

0 

0 

0 

0 

Cf o 

0 

Q 

0 

0 

3e£ 

0 

0-70501 

0 

0.280412 

So* 

0 

1-OOO-Ofl 

0 

0.280633 

Sde 

D 

690.225 

D 

10.6399 

Ian 

2-416 

2,416 

0 

0 

E2 

-3.1lSe-05 

0.95674 

-27.402 

-27.402 

El 

- 21 . liras 

D .,355963 

-21.3035 

-£,-004 

£ 

-3.13S&-G5 

0.353963 

-0.004 

-£, 004 


Exit concentratsons : 


Ct = 0.847TO>i/<frrt* 
Ca = 0,824 
Cc = 0.162 
Cd = 0.576 
C* = 0.054 


^declivities: 

Set. = 0.281 
Sot = 10,7 
Scf = 0.280 


Cr = 0.192 


/s— sy 












Ft 3-17 cont’d 


(c> 


Meal CSTR 




&L3-1.7 

E^tacioai^ 


Ireitia jL value 


asta] /<!{ =1 (vo" lCi*-CaJ \ t K -JsdL-Ca* £C1T2) t J *ke2 'C^Cd] 5 L . 5 

.-' d ECt) /dEt l = fvo* (Cl»-Cb) I- + < - (2*ML-Ca* (Cb-^j ) -<fe£3 T Cb* ICC^ 2 
2 >} ] 

d < Cfl> /d 1 1 > * f va 1 * ) * ({*d 3L ■ Ca* (Cb-2) |-ca 2 *ca *CdJ - ( q 

M3'Cb*(Ce fc 3] JI 

d(fe)Vd<r]-[rt*tctee-Ge> t+r<kdl*C4* <gfc?* 2 > j * <Jw2*ca*Cd> -fl* 0 
kf3*o&*[0c*2)>j 

d Eti») /d(t) =r^ir(>* [Ctfl-Cn )) + (ke2*Ci*d> rj 

d(CE> /d LtJ •= (vo* iCIa-gf ] j - > (kf Je<r2j J 0 

vg^iO 

CW«1.5 

JtdI=Q -2S 

5ce2= 0.1 

Cbo=2 

t£3=S 

Cdn^O 

CW=Q 

Ceo=a 

cfo=o 

tau=S 

S*C“CB/(cf+O.-90-ftQl> 

Sed=OG f LCd-p 0 . O&flDZ. j 
sae=cd/ (ctkh.o.-c.qool^ 

E*tap(-t/tau)-/tau 



/3'5» 







PI 3-[7 


ci>nt*d 


FrobJ, fiflL PI J - i ^ 

V^riab 

t 


Ca 

Cb 

Cd 

Ct 

C* 

Cf 

vo 

Caa 

kdl 

k*2 

Cbo 

edo 

Cco 

Cao 

Cfo 

tftu 

■Sflf 

led 

& 


Initial vaTiu> KaxLraun vain* 

G 7“™-—— FinaT y a w 


0 

l.S 

2 

0 

D 

G 

0 

1G 

l.S 

0-2£ 

0.1 

3 

5 

0 

G 

0 

0 

S 

0 

* 

D 

P-.3 


1 

1,5 

2 

0+113356 

0-024057* 

0 . 001573*3 

■O.^Q?35?Lfl 

ID 

1,5 

0.25 

0.1 

2 

5 

0 

G 

o 

D 

5 

0.738236 

1 - GOOD* 
SS3.il? 

0.2 


0 

1.3S521 

1-77393 

D 

G 

0 

0 

10 

1-S 

0.25 

0.1 


2 

& 

0 

0 

0 

0 

5 

G 

0 

0 

0 


1631 45 


1-36 621 
1.77303 
0.113656 
0-flS47iB4 
0.00lS7afl3 
0.OQ75S71a 
10 
1,5 
0.3S 
0-1 
2 
5 
0 
0 
0 
G 
5 

o,ims? 

o.ajunj 

71.6361 

0.163746 



Exit concentrations : 


O — ]3$&mol / dm J 
C* = L774 

Cc - 0.095 ^ Cz ' ' as 32 

Co^O.JM ■Sw^7.UOO 

Ce = 0.002 Sef = 

£> = O.OOS 


/3-s? 

















Ideal PFR 


PI3-17 


(rout'd 


1^ = 1 and RTD function E(t) = 5 (t - j) 


dC\ _ ta 
~ dV _ "u 


where 


r* = {-koi.CA.Cs 1 - 2 io. Ct. Cd) 
Vo- v 


and so on for the other species. 


Problem Pi:-£7 
Eduation sj^ 

d(t a) /d(V) = ([-Jtdl'ca* ’.Cb'ZU- [3-ke2-0>*Cd) i / V o 
dteht /d (Vi = [- (2-fcdl -Q.* [C&'2> f-ffcfj "Cb* ICc-J ,, , /vo 

afajj /d|V) H (kdl - C!l . (Cb-l> [ HJ-kei -ca-Cdi Hkf3*Cb. [CC‘2 j ] 
J /Vd 

a [CO /dtv, B r IM1-C* ictrai > * - <2- t n . ct) * (Cc -a*, 

> /vp 


Inicid.1 value 

i.S 

2 

D 

Q 


d(CeJ/d(V) = ifce2 *Ca’Cd>/Vo 

*<«>/<!(VI = fk£3*Cb* [Ce*2 J ] /V6 

fcf]-S 

kdl«0.25 

ke2-Q.l 

VTJ^lO 


Sflf*Cfc/(cf*0.00001) 
Sod=C:c/ [Cd*Q . (JO DO I) 
SdtaCd./ (Ce+D.00OOLJ 

v o ’ v e * sa 

Protlett f>13-]_7 


Var i .Ti. ELc 

V 

C* 

Cb 

Cd 

Cc 

Ce 

Cf 

k£3 

kdl 

kc2 

vg 

Sef 

Sod 

Sde 


initial 

value JtaKlsnni v^laL! 

Mir.i^aB VALuej 

0 

50 

0 

l.S 

1.5 

0-110006 

2 

2 

0-333432 

D 

0.e?Sl3 

a 

0 

0-157055 

0 

0 

0.L3QLS2 

0 

■G 

0.362141 

0 

5 

5 

5 

0.25 

0-3S 

0.25 

0-1 

0-1 

0.1 

10 

10 

10 

0 

0.71011 

0 

a 

1.00004 

a 

0 

695.365 

0 


Fic uil va lue 
50 

0-310006 

O.SlBiftl 

o.esiess 

0. LQ5S-0B 

o. is:102 

0.162141 

5 

0.2g 

0-1 

10 

0.497311 
0.161912 
3.617^ 












PI 3-1 7 coat’d 


3,ac£ _ 



Ca zz OSlQmol / dm 5 
Cs = 0338 
Cc = 0.106 
Cd - 0.652 
Ce = 0.180 
Ct = 0362 


Seicctivites: 

Scd = 0.162 
She = 3.6 IS 
&r = 0.497 


Segregated 
Sea = 0.272 

Sde = 1 1330 
= 0.267 


Maximum M 
Sa> = 0.281 

Sac = 10.7 
Ser = 0.280 


CSTR 
Scd = 0.832 
Sde = 71.100 
Sef = 0.198 


PFR 

Scd = 0.162 
Sat = 3,618 
See = 0.497 


is so,I “™ 5 is «**«■* ^ 








No soulutioQ will be given. 


EH4.-J 


Problem P14-2 R 


Part (a) 


l^condatioiiB between Re and Da show what flow conditions (characterised by Re) 
gtves the greatest or smallest Da and hence dispel. To minimi* di£Si^ r l 

of - 10 - 20 or Re > 10 s gives the lowest value for Da. Re = ^ design of ^ 

Z*"*. * alKW) < di "“tcr) f» * Siv® fluid and flowwe. To 
dispersion, cither n very low Re ( < 0 II nr -tt/vi n .*n , . 

values. ^ t < u.i; or Ke ~ 2300 will give the maximum Da 

For a packed bed. the dispersion also depends on die Schmidt number as well as the 
Part (b) 

May be a good approximation if C A does not change wty much wiUl time i e A k in 
tn which case C„ should not be divided by anyttog. ’ 

Jn°SSft S ^ f°° '? °" 1 ° T ' C “ aion! "“y Siw significantly inaccurate results usimt 

'^"““'^y by recording tracer concentrations with 
sing the tanks in senes model for a conversion comparison. 

Part (e) 

S^ut." 0 “ ,UiVa, '" t ■ " UK reU,i0 " *> = 2 (”-» » valid. 

Part (d) 

Closed vessel dispersion model .■ 


q is probably [he most important term ; 


-fW-f 


4rfcftr 

UL 


so The most important group of parameters is wit 


UL 


Conversion, 


W^oSoTifllt^vf' 5 ^ “ CS ™ “** 1 * * »— » 








P14-2 cont*d 


Pari (e) 

V = constant = jc.R 2 L = 3.14*5 2 *636 ~ 49951 cm 3 


gives 


49951 

x*tf 


Figure 14-5 from the text book 3rd edii; 


Re. 5c 


n Dt 
Daz 


for values of Re, Sc > 10 : 

Fig 14-5 gives dispersion coefficient D a 


u z D? 


\92* Dm 


Pe = 


U.L 

D* 


1st order reaction : Damkohlcr no. Da = Tk = 5,15 * 0.25 = 1.2SS 


4< ? exp( Jt %) 


where q = 1 + 


m k 


4 Da 

Per 












PI4.2 «nt»d 


Using Excel spreadsheet: 


V (cm3) 

C 

o’ , 

l 







49951.28 

0.01 















Dt(cm) 

L(cm) 

(Re)(Sc) 

D a (cm2/s) 

Pe 

Da 

9 

X 

1 

63600 

1000 

0.05 

5.21 

1.288 

1.410 

0.666 

5 

2544 

5000 

1.30 

26,04 

1.288 

1.094 

0.708 

10 

636 

10000 

5.21 

52 08 

1.2881 

i ,048n 

0,716 

20 

159 

20000 

20.53 

104.17 

1.286 ' 

1.024 

0.720 

30 

70.67" 

30000 

46,88 

156.25 

1,288 

1.016 

0.721 

40 

39.75 

40000 

83.33 

208.33 

1.288 

1.012 

0,722 

50 

25.44 

50000 

130.21 

260.42 

1.288 

1.010 

; 0.722 

60 

17.67 

60000 

187.50 

312.50 

1.288 1 

1.008 

0.723 

70 

12.98 

70000 

255.21 

364.58 

1.288 

1.007 

0.723 

eo 

9.94 

50000 

333.33 

416,67 

1.288 

1.006 

0,723 

90 

7.85 

90000 

421.88 

468.75 

1.288 

1.005 

0.723 

100 

6.36 

100000 

520.83 

520.83 

1.288 

1.005 

0.723 


A velocity of 0,1 cm/s gives very large Pe values > 1000, and hence conversion cannot 
be calculated. 

However a velocity of 0.01 cm/s gives a full range of results for 1 to 100 cm tube 
diameters. 


It is clear that conversion increases with diameter, because the dispersion increases, 
better mixing. There is no diameter which provides a maximum or minimum 
conversion in this range except at the extreme values ofl cm to 100 cm. 

Part (f) 


^ § 

Ope».««l: 

from data; z = J lE(Qdt = 51 5 min 
0 

H W- 

a 1 = J(f - ?fE(t)dt = f rE(t)dt - r 5 = 32,63- 5.15 J = 6,10 min ! 
0 0 










































but 




Pl4-^ ccpt’d 


a 1 2 8 



Iterating gives Pe,- = 5 

C~ 4 Da 

Da = tk 1 5.15 * 0,25 = 1.2S75 


q = 1.425 


4$exp(^) 

[o<*=(*%)] - [d - ?y «p(-^^)] 


4 * 1.425 * 

expi 

K 

1 

[(1 + L425) z cxpp*1.42%)]_ 

to- 

1.425) 1 espj 



= 0.665 

Closed model: X = 68 % 

Open model: X = 67 % 


Part (g) 


a-0,75 P = 0.15 
V t + V tf = V= 1.0 m 3 

Wa - tij + = 0.1 m'Vmiri 


/W 









Pl4-2 cQnt > d 



V s = CiV = 0.75 * 1 = 0.75m 3 

jj» ^ 

D = = u 0 - Vb = Vv - u a p = 0 l - {0.1 *0.15} = 1-0.015 = 0,085 m 3 /min 


,.. f --- 


■£ 


v, 

l it 


0,75 

0.085 


= 8.82 min 



- - 

.-v. 


k ™ 0.2S m^kmol.miiu Cao - 2 kmol/m" 3 


Cas = 


2^Jt 


= &72kmot fm* 


^ u * 0.1 0.1 


0912 

A' = l - --= 054 cf o.5! as before, 

2.0 


Part (h) 

The model in Fig 14-14a, assumes a 'Taster*' (channelling) reactor and a “slower* 1 
uniform reactor. Tliere is a exit age distribution for the faster realtor which occurs as a 
distinct pulse clearly before die exit age distribution of the second reactor. The 
fraction of effluent which has been in the real reactor for less than time t* shows a step 
up from zero when flow leaves from the “faster” reactor. This fraction is the fraction 
of flow in the ^slower” reactor. When the flow leaves the “slower'Tcactor this fraction 
becomes one. 

The model in Fig 1414b is PFR and CSTR j n parallel. The exit age distribution for 
the CSTR is a negative gradient curve, interrupted by the distinct exit age distribution 
pulse of the PFR. The CSTR will always provide a faction of effluent which has been 
inside the reactor for Jess than time t, which increases with time. But when the 
effluent exits the PFR at a specified time after zero, this increased effluent is 
superimposed upon F9t) of the CSTR, giving a combined F(t). 












■Ui 


VjCL 


Cao 


Vh 


pi4-2 cont , d 

Cai 


{EOF 


{) *» [ i 




C^dUJi 


Vi 

* = T 


rate law: 

Stoichiometry: 


A=— 

u 


r = — = 5 min 

a 


PFR mol balance : — = ~r~ 


dX __ 

dV F*o 


-r A =k.C A 
liquid phase 


C A = C A o (1 ■ X) 


2nd order PFR : — - 


I 


V k . Cm 
E=y A o5 
£=0 


(l + fr)X"l 

2£(1 + E)ln(l -X) + £?X + J 


* = f. + i-l=FF-l = 0 

a a l £ 


Determining a and P : 


£ = lL* = 0.5 

P V UI 

V K v) 


1-23— -LS^LS— 
1 V V 


V - 2-5t>i = 1.5 V- 7.5 VI 
0.5V = 5 vi 

V=10Di 


Vi = 2.5 Vi 


/*/-£ 




















P14-2 coot*d 


’VI 


I" 


gives 


Now 

hence 

| m 

gives 

substituting into 

Reactor 1 : 


Reactor 2 : 


25vt _ 
a--= 0,25 

lOUL 


p=-$£=— =o.s 

% 2,5 


r = 


Ti + n 


= 5 min 


%,+%=>» 

V, = 2.5 u 5 -» V 2 = 7.5 t)i 
X| = 2.5niin l 2 = 7.5 min 


- - t jrr\ W +ln < i ■- *)+?X + 

V fc,Cao [ 1-X 

25= ^r^i 

0J*2*Ll —JCiJ 

'-tf 


Xi_ 

X\ 


X| = 0.5 


C A ] = (i - Xi ) = 2 o - 0.5) = I moi/dns 3 
7.5 - —-—j-T———1 

3= [i^k] -* x ==°' 7i 

Ca 2 = Cao (1 - x 2 ) = 2 (1 ■ 0 .75) = 0.5 mol/dm 3 
CaI + C-A2 1 + 0.5 


CAail - 


■ = 0 .JUftwI f dm* 


X = —_ — = - °' 75 = 0.625 


Cad 
























Problem P14-3» 


Using the tank in series model: 

Second order reaction X = + l 

2 Da 


where Da = kxC 


AO 


Ca = C a o(1-X) x= Cao ~ Ca 


Cao 


Assume that t = t, and that in reactors modelled as more than one tank, that rsi 


Numljer of tanks n = ^I rounded to the nearest integer 


Reactor 

cr (min) 

f t (min) 

n 

1 X 

Maze 8 l blue 

2 

2 

i 

0.50 

Giten & white 

4 

4 

J 

0.6] 

Scarier &. ^rev 

3.05 

4 

2 

0.69 

Orange & blue 

2.31 

4 

3 

0.72 

Purple & white 

5.17 

4 

1 

0.61 

Silver & black 

2.5 

4 

3 | 

0.72 

Crimson & white f 2.5 

2 

1 

0.5 ! 


where 

Scarlet * grey : X, = 0.5, C A , = 0.5^X,= OJS. C« - 0J1 X - 0.69 


Orange & blue : X] - 0.43, C AJ = 057 -> A-_ 0.34, c„ - 0J8 > X, 1 .0.27, 

Ca3 =0.28 ^X = 0.72 


Using the combination of 
overall conversion cither w 


maze & blue followed by crimson & white 
ay) 


reactor (same 


X, = 0.5, C A i = 0.5 -»X 2 = 0.17, Caj = 0.41 -> X = 0.59 


The orange & bine or silver & black reactors which both 
senes give the greates conversion. 


approximate to 3 tanks in 


Part (b) 


Try: 


Green & »hite „d Mae & bine : X, = 061. C A1 = 0.39 -> Xr = 0.34, C« . 026 -> 

X = 0,74 

Mg 






















P14-3 cont*d 

Scarlet & grey snd Maze & blue : X| = 0.69, C A | — 0.31 -) Xj = 0.42, C« = 0,18 -> 

X = 0.82 

Orange & blue and Maze & blue : X, = 0.72, C A i = -> X 2 = 0.40, C AI = 0-17 -> 

X = 0.S3 

The highest conversion is now obtained from the Orange & blue reactor combined 
with the Maze & blue reactor. 


Prohlem 144^ 

1st order, ki-0.0l67/s, 6 = 0.5, d p r=0.1cm. 


Y — — ~ 0-01cm 1 ! s 
P 


L =5 10 an, U = 1 ctn/s 


Re 


= 1 —— - ] q Sc = ——- no data concerning Dab 


ft 0.01 


Dab 


From packed bed correlation for D a , and liquid phase region of graph, 


D„e _ 

gives — - = 2approX- 
Udf 


n 2 Ud f 2 * 1 * 0.1 ltm 

Da =-= -— — 0.4cm / s 

£ 0-5 


*L£2*.a 

Da 0,4 


X = l- 


4 7^p( J& 7^] 

1 

[(l+40f expj 

( 7 £) 

]- 

(1-^eipj 

t F ‘ty 


174 Da 

r = f + 7T 


Da = tk and r = ^ = y = 10s -*■ Da = 10* 0.0167 = 0167 

-> q = 1.013 















PI 4-4 coat’d 


4* 1.013* exp] 

f9fi 

f 

[(I + 1.013) J cxp| 

P ,u, XJ-[a- 

1.013) 1 exp| 

!' 25 ’ 1 - 01 K)J 


= 015 


Conversion X = 15 % 


Problem P14»5 a 


Part (a) 

Assuming the Peclet-Bodenstein relation : n - —+ 1 


To estimate Bo, 



, d UL 
where Bo = — 

Do 


5*2 

0.01 


= 1000 



0.01 

0,005 


From gas phase dispersion correlation chart, 


gives 


Bo = 


2*200 

SO 



D a = 8*2*5 = SO cm 2 /s 


n = - + 1 = 3.5 

2 


Part (h) 

Using individual reactor material balances : 
Reactor I : 


n.V 

Fao 



mol balance : 










. 

rate law: 


stoichiometry' 
change 

■ ■ 


Reactor 2 : 

fasEHSfii 1 


Reactor 3: 


Reactor 4: 


PI .4-5 cont*d 


C A - Cao (1 - X t ) S != 0 and £ - 0 hence no volume 


Xi 


t-lVd-Xi) 1 _ 25* 0.01 X]) 1 


v.C*o 
Xi = 6.366 (1 - Kif 


0039 
0.674 


Cm = Cao (1 - Xi) = 0-00326 moOdm 1 


„ k.c«o-XiY , 

Xt. = ----- * 


Xi 


v 


(1-XiY 


25 * 0.00326 
0.039 


= 2.0897 


X; = 0.507 

Ca2 = Cai (1 - X^ = 0.00326 {1 - 0.507) = 0 001607 rool/dm 1 

fc-QiQ-XQ 2 25 * 0001607 _ lpW 

v (l-Xif 0,039 


Xj = 0.387 

Cm = Caj (1 - X 3 ) = 0 001607 (1 - 0-387) = 0.000985 molW 

fc-CuO-Jf*)* X* _ 25*0.000985 
A4_ v 0.039 


X* = 0.305 
C m = Cm( l-X*) 

Bounds on conversion 3 tanks 

4 tanks 

Part (c) 

Let U = 0,1 cm/s 


0,0009^5 (I - 0.305) = 0.0006S5 moi/dm* 

X = Ca °~ C - = 0-9015 
Cao 

X = QZzQl = 0,9315 
Cao 


Sc =2 


/■yv 


Re = 50 













PU-S cont’d 


a 

From gas phase dispersion correlation chart, —— = 0.5 

u.dt 


gives D, = 0,5 *0.1 *5 = 0.25 cm 2 /s 


„ 0 . 1*200 

Bo =-= SO 

0.25 


SO 

fi s* —+1 = 41 probably giving a conversion - 99.99 % 

2 


Let U = 100 cm/s 


Re = 50000 Sc = 2 


From gas phase dispersion correlation chart, —— = 0.21 

ILOi 


Bo = 


gives 
100*200 


D a = 0,21 *100*5 = 105 cm 2 /s 


105 
190:5 


= 190.5 


n --+1 - 96 probably giving a conversion - 99.99 % 


Part (d) 


A»_a2M =slI 

f 0.01 


From packed bed dispersion correlation chart, = 0.55 

u.df 


n 0.55 * 4 * 0.2 ,, 

°0.4 " U 

Bo = ±^ = 727 

1.1 


727 


n !s-+1 = 364.5 probably giving a conversion ~ 99.99 % 




2 











Part (e) 


EMjcoafd 


Part (a) _ 5*4*0,001 _ 


0.1 


0.2 


Sc = 


100 


Dm 5 c — 6 


= 2 * 10 ’ 


TTiis it off the scale of tlie graph for liquid phase dispersion, hence D. 
be evaluated, “ 


a) Closed: 


Problem P14-fi^ 


g 3 2 
*m a Pc, 
= 7.54 



Open: 


_g^ _ 2 8 

ito 2 Pc,. /N? 2 


11.68 


b) 


r = 


OH 

1+2/Pe, 


= 4.40 


V s = r * v 0 = 263 .SAk 3 
V D =V-V, =156.24^’ 


%deadvolume = -^^2. 

420 


= 37 2% 


/¥-/* 


cariBot 








EU^tont’d 


c) 


X = 1- 


4<?exp(jP^/2j 


(l + qf exp (Pe r q/2)- (l ~qf exp(- Pt,q / 2) 


— 0.570cfis/>er.«ow 


f. 4£Jo 

,= r*r- 

Da ~*T = 0.927 


1221 


n = — m 435 

a 1 

x = I — 


I 


PFR:.X=l-e^ 

CSTR : X = 0.481 
Part (d) 

Tanks in series model: 


= 0.568 t tanks in series 


r 4.43 J , 

n = —r = - r = 3,407 

C 2 2,4 ! 


1st order reaction, so n can be a non-integer: 


X = 1 -- 


1 


(1 + vkf 











1 


PFR: 
CSTR: 


X = l- 


F14-6 cODt 7 d 
1 


('*;■!" KM” 


= 051 


X = 1 - e"* = l - e _Da = 1 - e " <1,W7 = 0-55 


X-- 




0J97 


I + tt 1 + 0.797 


■ = 0.44 



X 

Dispersion 

53 % 1 

Tank in series 

51% 

PFR 

55% 

CSTR 

44% 


Problecn P14-7 a 

1st order ^ irreversible, pulse tracer test —> cr 2 = 65 s" aod t* s 10 s 
For a 1st order reaction, PFR : X = 1 - e - 0,9S 


Need t and k. There being no data for diffusivity (Schmidt number) D a and hence Pe T 
cannot be obtained using tubular flow correlations. 

Therefore assume closed vessel dispersion model: 

l m = T= 10 s 

k = In(l-X) = ln(l - 0-98) _ Q 39j _, 

? 10 



2 

Per 




Per 


10 " 


//-/S' 

















Pl4-7 coatM 


iterating —» Pe, = 1,5 

__ 4^exp( P ^) _ 

(I + qf etp( Ps 'J^ )] ■“ [o - ?) ! «*p( Fe,q A)\ 


Da = Tk= 10*0.39 = 3.9 

4£! fl f t . 4*3.9 

x , _ 4*3.376t*p(^) _ __ 088 

[(1 + 3.376) 2 expp * 337 %)j- [O - 3375) 1 exp^ 15 * 337 %)] 

Conversion for the real reactor assuming the closed dispersion model b some what 
less than for the ideaJ PFR. 


Problem F14 t 8b 


t (min) 

Cft) 

Effl 

T,E(t) 

ft - tm^ZEft) 

0.3 

0 

0 

0.000 

0.000 

0.6 

0,2 

0.046 

0.026 

0.444 

0.9 

0.5 

0.115 

0.104 

0,907 

1,2 

0,7 

0,161 

0,193 

1.013 

1.5 

085 

0.196 

0-294 

0.956 

1.8 

1 

0.231 

0.416 

0,841 

2.1 

1 

0.231 

0.485 

0.597 

2.4 

0.95 

0.219 

0.526 

0,375 

2.7 

0.85 

0.196 

0.529 

0.199 

3 

0.8 

0.185 

0.555 

0.093 

4 

0,65 

0,15 

0.600 

0.013 

5 

0.5 

0.115 

0,575 

0.192 

6 

0,35 

0.081 

0.486 

0.426 

7 

0.25 

0.058 

0.406 

0,629 

8.5 

0.125 

0.029 

0.247 

0,666 

10 

0 

0 

0.000 

0.000 


//A 








































P»-» cont»d 



£"(0 = 


C90 

Jc<0* 


at) 

4.335 


r_ = J r,£(f). dt = 3.70Smin 
o 

Part (b) 

Choosing the tanks in series model: 


tr* = j(i -r*) 2 £(r).d/ - 4,144 min 1 

tJ 3.708 2 . 

= 3,318 tan ib. 

/V-/> 


n = 


4.144 


















Part (c) 


EHicontM 

No solution will be given. 


Part (a) 


Problem P14-9.r 


Plug flow reactors in parallel. 


Fn 


F ii 


























EUbS tool’d 


time (min) 


I m 

Xft) 

X(t)E(t) 

pro 

tEft) 

t A 2E(t) 

0 

0 

0 

0 

0.0000 

0 

0 

0 

10 

0 

0 

0.5 

0.0000 

0 

0 

0 

1 1 

1 

0.0034 

0.52 

0.0018 


0.0374 

0.4114 

12 

4 

0.0138 

0.5454 

0.0075 


0.1656 

1.9872 

13 

,- 

7 

0.0241 

0.5652 

0.0136 

0.03097 

0,3133 

4.0729 

14 

a 

0.0276 

0.5833 

0.0161 


0,3864 

5.4096 

15 

8.5 

0.0293 

0.6 

00176 


0.4395 

6.5925 

16 

8.9 

0.0307- 

0.6154 

0.0189 

0.1251 

0.4912 

7.8592 

.17 

92 

0.0317 

0.6296 

0.0200 


0,5339 

9.1613 

18 

9.5 

00327 

0.6429 

0.0210 


0.5886 

10.5948 

19 

10 

6.0345 

0.6552 

0.0226 

0.2327 

0.6555 

12.4545 

20 

11 

0.0379 

0.6667 

0.0253 


0.758 

15.16 

21 

15 

1 0.0517 

0.6774 

0.0350 


1.0857 

22.7997 

22 

20 

0.0689 

0.6875 

0.0474 

0.3866 

1.5158 

33.3476 

23 

22 

0.0758 

0.697 

0.0528 


1.7434 

40,0982 

24 

23 

0.0793 

0,7059 

0.0560 


1.9032 

45,6768? 

25 

23.5 

0.031 

0.7143 

0.0579 

0.6434 

2.025 

50.625 

26 

24 

0.0827 

0.7222 

0.0597 


2.1502 

55,9052 

27 

24.3 

0.83S : 

0.7297 

0.6115 


22.626 | 

610.902 

23 

24.5 

0.0345 

0.7368 

0.0623 

0.9206 

2.366 

66.248 

29 

24.5 

0.0845 

0.7436 

0.0628 


2,4505 ' 

71.0645 

30 

24.5 

0.0845 

0.75 

0.0634 

1 

2.535 

76.05 


m- cw .4” 

Jc w * 29<u 

Part (b) 


F(0 = { £(f)d/ 

D 


Vrt 


Vmul 



71.5 

790.1 


= 0.25 


V r| = 0.25 V r ^ 


FVi uCh 


9.0 

24.5 


- 0.37 



P :1 = 0.37 F (ma] 



























































































Part (c) 


P14-9 c<ntt'«l 


PER: 


ACa 

dt 


--LCa 


-- — = kt 

Ca Cao 


C*c\l-X } 


Part (d) 


X = l — 


] 


x = i- 


kC/iot 
I -\-kC*ot \ + kCwt 

1 


1 + 


(Q.1 rniii){lffi 3 ) 
(0.06i7i J / min) 


= 0.625 


Segregation mode! : X = j X(r)E{ f) 

0 


X(t) = 


kCAOl 
1 +■ kCAQt 


X = 0.69 


FMrt (e) 

Maximum miaedness model: 

Using Euler's method for numerical integration. Stan with k = 30 min and X 


JL 


X (min) 

X 

30 

0 

28 

0.2 

25 

0.2557 

22 

0.3357 

19 

0.4228 

16 

0.4782 

13 

0.5242 

10 

0.5921 





















aw-!*? 

pl4-9cont , d 

v rV-/V 

„ ,.J X(A) 


x '* , = Xr+tM li-fU) 

ITi si Pa-— 

••'■ ...T 

X = 0.59 

.■!:' 

Part (f) 

Dispersion model; 

j £(f)<* = 23.1307 r = 


jf 2 E(0* = 557.969 


X.-kM 1-XO* 


] 


V 

0 


w 

0,06m 1 / min 


= 16.7 min 


o 


rr=b±'- iS>' 


C 2 = 557.969 - (23.1307)+2+ = 22.94 


=23 

Da m k.C A0 .i = 0.1 *23.1307 = 2.313 


■fW-l 


4*2312 

t + Z_£i!± *1J8 
23 


P gri? 23»L18 _ 1?< ; 
2 2 


4qexp( Pc ;4) 


f(l + ?) 1 expl 

( P, «4H 

4 * 1.18 * c? 

(1-9) 2 expl 

■e( 2 K) 

{- p *m 

[(1 +1.18) 2 exp(l3,6)J- [( 

1-I.18) 2 exp(-13-6)J 


X = 0.88 


Summary: 


Conversion 


PFR with bypass 0.63 

Segregation 0,69 

Maximum mixedness 0.59 

Dispersion 0.88 

















Prflhfem Pi 4-1 la 


Given : 2nd order irreversible reaction, isothermal, 

V a 1000 dm 5 do = i dmVs k = 0,005 dmVtnol.s C** 

mo)/dm 3 


Part (a) 

(1) Maximum segregation: 


kCArt _ 0,005* 10 *t 

l + kCtot 1 +(0.005 *10*0 


X = jx{t)£(t)& = 0.86S 

o 


t 

- Eco m 

X(t) 

mm 

F(t) 

tE(t) 


0 

3.250E-03 

! 0.000 

O.OOE-hOO 


0.0O0E+00 

0.00 

5 

3.187E-03 

0.200 

6.37E-G4 


1.594E-02 

0.08 

10 

3.124E-03 

6.333 

1.04E-03 

0.032 

3.124E-02 

0.31 

25 

2.945E-03 

0.556 

1.64E-03 


7.363E-02 

1 84 

40 

2.776E-03 

0.667 

1.S5E-03 

0.118 

1.110E-0T 

4.44 

70 

2.468E-03 

0.778 

1.92E-03 


1.728E-01 

12.09 

100 

2.194E-03 

0.833 

1.83E-03 

0.265 

2.194E-01 

21.94 

175 

1.637E-03 

0.397 

1.47E-03J 


2.865E-01 

50.13 

250 

1.224E-03 

1 0,926 

1.13E-03 

0.51 

3.06GE-O1 

76.50 

325 

9.184E-04 

0.942 

8.65E-04 


2.985E-G1 

97.01 

400 i 

P6.913E-04 

0.952 

6.58E-04 

0.648 

H2.765E-01 

110.61 

700 

2.366E-04 

0,972 

2.30E-O4 


1.656E-01 

115.93 

1000 

9.755E-0S 

0.980 

9.56E-05 

0.818 

9.755E-02 

97,55 

2500 | 

2.691 E-05 

0.992 

2.67E-05 


6.728E-02 

168.19 

4000 

1.839E-05 

0.995 

1 .S3E-05 

0,928 

7.356E-02 

294.24 

7000 

8.689E-06 

0.997 

8.66E-06 


6.082E-Q2 

425.76 

10000 i 

4.104E-06 

0.998 

4.10E-06 

0,984 

4.1O4E-02 

410.40 j 

15000 

1.176E-06 

0.999 

1.17E-06 


1.764E-02 

264.60 

20000 

3.369E-07 j 

0.999 

3.37E-07 

1 

6.738E-03 

134.76 




































































PI4-U cool’d 



.r 

'7? . jr- ■ ' 

(2) Maximum mixedness: F(t) = J £(x)A 

o 

X f *t = X + (M)[-^-X-fcC«<l-Xi) 1 
Li-ft/w) .1 

When t is small, the plot E(t) vs t is very much a straight line. Therefore we 
interpolate to obtain intermediate values of E(t). 


t 

B(l) 

F<0 

0 

3.25e-3l 


5 

3.IS7C-3 


10 

3.1240-3 

0.032 

15 

3.064O-3 


20 

3,0O5e-3 1 

0.062 

25 

2.945e-3 


30 

2.8890-3 

0,091 

; 35 

2.8320-3 


40 

2,776c-3 

0.118 

45 

2.766c-3 


50 

2.673e-3 

0.143 

55 

2.622o-3 


60 

; 2.570e-3 

0.169 

65 

2.519e-3 


70 

2.468e-3 

0,194 



can 
































P14-11 cont’d 


X 

X 

70 

0 

60 

0.5 

50 

0.61 

40 

0.67 

30 

0.70 ; 

; 20 

0.72 

10 

0.74 

0 

0.75 


X = 0.75 


Part(b) 


Tanks in series : n = — t~~ = = jOOOj 

o vo 1 


jt£(0ds = 995 


J rE(t)dt = 5,656e6 
0 


Part (c) 


T 1 ^ (IQ 1 )* 
o' 3 4.66 6e6 




1 


{i+ r\ky 


-i— 




(W f.+JSSowf 

\ n J ^ 0.214 J 


X = 0.495 


Two CSTR's in parallel 

Assume the two CSTR’s are equal in volume 

y _ f\0X WX 

-r A ~ LCUo{ \-Xf 























P14.11 cent’ri 

V Vo 

with Vi = Vi = — and uoi = voi — — , the conversion X, will be the 

1 2 

same as for one CSTR with volume V and flowrate Vo - 

k.CAC <1-X) 1 

j - ’ 


X _ VkOo _ 1000)0-005*10 = 50 
(1 -Xf~ Vo " 1 

i ai.. v| 1 HI 
Ltfi . ' 

gives X = 0.868 but iteration (or could solve the quadratic) 

.... . 

Part (d) 

VoX 


For a CSTR 


V = 


*.Ca<*1-X) j 


From Part (c) X = 0.8 68 


For a PFR: 


X = For t = T , Xcsttt *= 0,868, Xn* = 0.980 

1 + kC\ot 


Summary : 


Conversion, X 


Maximum segregation 


0,868 

Mini mum segregation 

0.75 


Tanks in series 


0.5 

2 CSTR’s in parallel 

0.868 


Single CSTR 

0.868 


Single PFR 

0.980 



/‘/■as 









(a) PtotE(t)vst 


P14-13 




(c) Find I* 
















t m =t = JiEtodf*9.95 

0 i ■ 

(d) Fraction that spends between 2 and 4 minutes 



4 

Fract* JlEfM-16.3% 

(e) Fraction that spends longer than 6 minutes 













PH-13 cod’d 



?™ct = J tE(t)dt = 56,3% 

(f) Fraction that spends less than 3 minutes 



Fracf = J t£(t}dt = 19.4% 
[) 


fg) E(0J and F{0) vs. 9 


H-d& 














F J4-13 tout'd 





FlhtT* 


(h) Reactor Volume: 

V = vc 

y = ^o^2-^(9.95 min) - 99.5dm 3 
(j) Plot I(t) vs. t 


















0. tso 

I 

0.120 


PI4-13 coni’d 



a, ego 

0. OfiO 

a 03a 

o. ooo f 

0,000 

(j) Find a 

GT! 


i 


oca 



C. 400 
al pha 

0,320 

C. 240 

C. 1£0 


= | (/(/)* = 8.63 
o 

(15 Plot A(t} vs. t 

















P14-13 cont'd 






-r = tc; 

v J£ 
u ™ a 
F 



(p> 


Find the conversion for a segregation model. 



dr 


^■^aY 


- _ - 

r A Kk ~A 

C A = CJ\-X) 
dx^^v 
dt N aQ 

dt 

f^L^fo.idr 

W-X? i 


i 


l-X 


-1- o.lf 
1 

~ 1 + 0, i( 


J = j J£(f)£(0df-42.3% 












£14-1.3 coat'd 


^ Fmd C ° nVersi0n for * maximum mixedness model. 

SU) 


dX r. 

dk ~ r 


:(X} 


-« i-nxy 

= QsO — X) 

m-egra te from X = » 0 using POLYMATH 


Equina ns «o*l 

d£x3/tKi>*-(r*/cso *‘EF*x) 

cao-i 
k=. 1 

[aa=.£G~* 


(nitnl vilu»$ 
0 

0.99 


ca=c*n<i-x> 

-1«+. 111 £33 ^S«ffl*-»l^>Jna262V«t^2-.(Wtto W 

r i a=*5ica''2 

E-if £ I sa< * 3 ) then (EO »ts» C£ 2 ) 

E^-E/ti-n 

z 0 5 °I *1 • £0 


X = 40.4% 




PI4-13 eoni'd 





where 
k 0 =tUs ' 1 












n 4- U cotU’d 


jn) Find the conversion for a PFR with a second order reaction, where 


kC Aj =0.1 min' 1 


dX _ -r, 
dV Fao 
-r, =kC] 


A '"'A 

C A =C A ,(l-X) 
dV v 10 


{(i^r ! oouv 

7 ^t[ 

x=sa% 


»j 


= 0,995 


(n) Find the conversion for a laminar flow reactor. 


Eft) = 0 


E(t) = -j 

2r 

2 


= JtEfiJdf = 


l 

With a second order reaction occurring, 

x=i_L_ 

1 l + 0.1f 

The mean conversion for the system is 


X = ]x(r)E(f)dr^44.3% 

f 

I 

( 0 ) Find the conversion for a Chi'K 








pi 4-13 coated 


^ How many tanks are needed to represent this reactor in a tanks-in series 
model? Find the conversion for a first order reaction where 
£ = 0. Imin" 1 



6 . GGQ 

Sl qm j2 

-raoo 

3* £00 

2. 100 

1.230 

0- COG 


<J 2 = j£ftJ(t-»*) l d( = 75.2 

Q 


r 1 

n = i r^U2 

<r 

X = 1--—-—-7 

(l +T;fc) 

V 

*' ” v/t 

X = 52A% 

(s) Using the dispersion model, find the Feclet number. What is the 
conversion of a first order reaction where 
k. = 0. linin'’ 

For a Closed-Closed Vessel: 







iUiLl2 cont’d 


3 Pe f Pel 
Pe r - 0.3S7S 


il"'-*') 


4^cxp 

—-«-i 



(1 + ^)' exp 

[■¥] 

— f l — «)* *s*p| 



X = 1 - 


Da^tk-Q.WS 


q ~r “ ^*34 

x=szym 


For an Open-Open Vessel; 
q- z _ 2 3 

r 1 ~>c r + P f * 

P*, = 4.861 
£>a = t* = 0.595 




r + 


/iDfl 

^7 



Mote: Conversion cannot be calculated using the previously found 
equation because the boundary conditions are not the same. 


(t) For second order rxn: 

Da ^ JfcCjdT =0.995 
For dosed system: 

f ~4D^ 

= , Pc, = 0.0875 

V Pe r 

= 2.34 

i - 52.3% 


//-3s 
















pi 4-13 cont'd 


Sf- •••*■■• 


(u) It b suspected that the reactor might be behaving as shown below 
is the "backflow" from the second to the first vessel as a multiple of v, 



V^- 

dl 

v m^ 

di 

y ^ 
dt 

vfL. 

dl 

dr 


V 1 

( v oQ + v iQ) ■" v iA 

1 V L^n — ^ v i^i) 

j5v fl c-(i+^v 0 q 

a (i+jS)v fl c;-(v 0 ci+flv,O 

-»*»«-£) 


V^-=(l+«v< 


V^ = (l + {t)v, 



dr J 


f 

f 1 

\ 

^c-O+^K 

—L_dL_ + c, 
v.(l+rt * 





V 

f 

dt 1 

c 


J 


V^ + 2(I + + -o 


-2(u $ v, ± J(2(n-«v,)’ - 4 j 


*1,®) “ ‘ 


2V 


-tt+gKtvjF+fl 

We will define m, as: 


ri-zr 


. What 
? 




























P14-1 3 eoot'd 


11 ~ V 

Cj is defined 35: 

Q = Ae m ' , + Be m ' 1 

Because m, is smaller in magnitude than nij, we know that m l will dominate 
at higher times. Therefore, at large time. 


C ^Ae-*' 



Solving, we find that = I.Q. 

So backflow=v 0 

(v) 

Reactor 1: C Aa v a + C„v 0 - ZC„ v 0 - *C}, V = 0 
Reactor h 2C A} v a -C A1 v 0 - C A1 v 0 -kC' Al V = 0 

Solving for C M in Reactor 2 yields: 

C^ + fcC^V 


//•as 

































coord 




f y 

Plugging into equation t and simplifying \% = — = 0,995 * 5 t C a0 , 

\ v & 


We get 


1 + ^-2^-0.4975 


r 2 + 


2C^+0,4975C; 


S]-° 


Solving by trial and error: 

0-45'5" 

w) 

Reactor Model_Conversion. (%) 


PFR 

50.0 

Laminar How 

44.3 

CSTR 

38.2 

Segregation 

42-3 

Maximum Mlxedrtess 

40.4 

Tanks in Series 

5Z4 

Dispersion (Closed-Closed) 
Dispersion (Open-Open) 

52*8 

'"Backflow^ 

AS’S 











